
This is a digital copy of a book that was preserved for generations on library shelves before it was carefully scanned by Google as part of a project 
to make the world's books discoverable online. 

It has survived long enough for the copyright to expire and the book to enter the public domain. A public domain book is one that was never subject 
to copyright or whose legal copyright term has expired. Whether a book is in the public domain may vary country to country. Public domain books 
are our gateways to the past, representing a wealth of history, culture and knowledge that's often difficult to discover. 

Marks, notations and other marginalia present in the original volume will appear in this file - a reminder of this book's long journey from the 
publisher to a library and finally to you. 

Usage guidelines 

Google is proud to partner with libraries to digitize public domain materials and make them widely accessible. Public domain books belong to the 
public and we are merely their custodians. Nevertheless, this work is expensive, so in order to keep providing this resource, we have taken steps to 
prevent abuse by commercial parties, including placing technical restrictions on automated querying. 

We also ask that you: 

+ Make non-commercial use of the files We designed Google Book Search for use by individuals, and we request that you use these files for 
personal, non-commercial purposes. 

+ Refrain from automated querying Do not send automated queries of any sort to Google's system: If you are conducting research on machine 
translation, optical character recognition or other areas where access to a large amount of text is helpful, please contact us. We encourage the 
use of public domain materials for these purposes and may be able to help. 

+ Maintain attribution The Google "watermark" you see on each file is essential for informing people about this project and helping them find 
additional materials through Google Book Search. Please do not remove it. 

+ Keep it legal Whatever your use, remember that you are responsible for ensuring that what you are doing is legal. Do not assume that just 
because we believe a book is in the public domain for users in the United States, that the work is also in the public domain for users in other 
countries. Whether a book is still in copyright varies from country to country, and we can't offer guidance on whether any specific use of 
any specific book is allowed. Please do not assume that a book's appearance in Google Book Search means it can be used in any manner 
anywhere in the world. Copyright infringement liability can be quite severe. 

About Google Book Search 

Google's mission is to organize the world's information and to make it universally accessible and useful. Google Book Search helps readers 
discover the world's books while helping authors and publishers reach new audiences. You can search through the full text of this book on the web 



at |http : //books . google . com/ 



>» . . • • 




HARVARD UNIVERSITY 



LIBRARY OF THE 



Department of Education 



COLLECTION OF TEXT-BOOKS 
Contributed by tbe Pubiishers 



TRANSFER^ 

TO 

HARVARD 



3 2044 097 017 875 



PHYSICS 



THEORETICAL AND DESCRIPTIVE 



BY 

HENRY C, CHESTON, A.M., Ph.D. 

» 
HIGH SCHOOL OF COMMERCE, NEW YORK CITY 

J. STEWART GIBSON, A.M., Ph.D. 

WADLEIGH HIGH SCHOOL, NEW YORK CITY 
AND 

CHARLES E. TIMMERMAN, B.S., M.M.E. 

DkWITT CLINTON HIGH SCHOOL, NEW YORK CITY 



BOSTON, U.S.A. 

D. C. HEATH & CO., PUBLISHERS 

1906 






JUL a 6 1906 

Harvard UniversHyi 

Dept. of Education Libraryi 

Gift of the Publishers. 

TRANSFERRED TO 
HARVARD COLLEGE LIBRARY 
.U.4 16 1921 



Copyright, 1906, 
By D. C. Heath & Co. 



PREFACE 

. The preparation of a serviceable and efficient Physics text-book 
has engaged the serious thought and effort of so many of the best 
workers in this field that the publication of another book implies 
some good reason for doing so, and demands, perhaps, some 
explanation. 

The art of science teaching is progressive. The time and place 
of Physics in the curriculum, the scope and treatment of topics, 
and the method of teaching the subject in the High School have 
come to be more clearly defined within the past five years than 
ever before. This has been due largely to the influence of the 
College Entrance Board, the discussions of the National Educa- 
tional Association, and liie careful preparation of syllabuses in 
many school systems. All of these influences, moreover, have 
tended to unify the work of teaching Physics and thereby to 
increase its worth as a study. 

Reason and experience point to several conclusions which 
should be taken into careful consideration in preparing a text- 
book in this science : 

It is recognized by all as a sound pedagogical principle that 
laboratory work performed by the pupil should constitute his in- 
troduction to each new subject or principle. It is also generally 
conceded that the experiments and all that pertains to the indi- 
vidual laboratory work which the pupil is expected to do, should 
be eliminated from the text-book, and placed in the pupil's hands 
in the form of a Laboratory Manual. This Manual should con- 
tain a concise statement of the purpose of the experiment, explicit 
directions for procedure, and rational questions that provoke close 
observation and clear thinking about the results obtained. 

It is not possible for the pupil to acquire in a single school year 
by laboratory work alone the fullness and breadth of knowledge of 
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Physics which the high school course should give him ; hence the 
need and function of the text-book. This should set before the 
pupil the theoretical and descriptive aspects of elementary Physics, 
and should introduce him to the long- accumulated fund of knowl- 
edge relating to physical phenomena, carefully formulated and 
logically arranged. The quantitative nature of Physics as a study 
cannot l^e ignored ; but the beauty of the subject lies in the fact 
that these exact relations may be so patently and convincingly 
illustrated from the pupiPs own experience when that experience 
is appealed to in the right way. A Physics text-book must con- 
tain clear and concise statements of those principles indispensa- 
ble for the comprehension of the manifold physical phenomena of 
daily life — principles which the pupil cannot readily master unless 
presented to him in the printed page. 

To fix securely in mind the quantitative relations derived from 
the more or less specific and isolated conditions in the laboratory, 
and from the generalizations in the text-book, a considerable 
amount of drill in numerical problems is absolutely essential. 
To that end, a number of carefully compiled, practical problems 
have been appended to each chapter. 

The authors believe that the pupil should feel that his text-book 
contains no superfluous matter, but that everything in the book is 
worthy of being studied and mastered. 

An exaniiination of the text-book will show that it meets fully 
the College Entrance Requirements as promulgated by the Col- 
lege Entrance Examination Board ; it also covers all the topics of 
the syllabus recently adopted by the New York State Board of 
Regents, and of that adopted for the high schools of New York 
City. 

A few discussions have been collected in the appendix and may 
prove useful in supplementary work where time and conditions 
warrant. 

Recognizing the value of good illustrations, the authors have 
taken great care in the preparation of large, accurate, and in many 
cases, much-simplified diagrams, and in providing a few photo- 
graphs and color prints which it is believed will add interest and 
clearness to the text. 
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PHYSICS 

CHAPTER I 
INTRODUCTION ' 

1. Physics Defin^. — Physics treats of energy and matter 
and their relations to each other in so far as there is no 
change in the identity of the matter. 

Energy may be provisionally defined as that which may 
cause a change in matter, and matter as that which oc- 
cupies space. 

2. Body and Substance. — A body is a distinct portion of 
mattery as a nail, a hammer, a car, a ship, etc. 

A substance is ^particular kind of matter y as iron, sugar, 
water, oxygen, etc. 

3. Fundamental Quantities in Physics. — In dealing with 
energy and matter the fundamental quantities are lengthy 
masSy and time. To construct an exact science it is neces- 
s'ary to make accurate measurements, to do which requires 
the adoption of units of measurement. 

4. Measurement. — To measure any quantity is to deter- 
mine its value in terms of a definite portion of the same 
kind of quantity ; the definite portion thus employed is 
called a unit of that quantity. 

Thus to measure a lengthy a certain definite length called 
a unit of length must be employed; to measure a surfacCy 
a certain definite surface called a unit of area must be 
employed; to measure a space, it must be 'compared with 
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a certain definite space called a unit of volume, A unit of 
mdssy i,e. a certain definite mass, must be employed to 
measure mass, and a certain definite duration of time called 
a unit of time, to measure time. 

Since surface has /z£/^ dimensions, a unit of area is readily 
derived from the unit of length by constructing a square 
having the unit of length for its side; and as space has 
three dimensions, a unit of volume is also derived from the 
unit of length by constructing a cube having the unit of 
length for its edge. 

The XhrtQ fundamental units of measurement are there- 
fore those of length, of mass, and of time. 

6. Two Systems of Units. — There are two systems of 
units in use : (i) the metric or centimeter-gram-second 
(C.G.S.) system, (2) the English or foot-pound-second 
(F.P.S.) system. 

6. Units of Length. — The C.G.S. unit of length is a 
centimeter ; the F.P.S. unit of length is 2. foot, 

A centimeter is xj^ of the length of a certain platinum bar when 
the bar is at the temperature of 0° C. (32° F.). This bar, known as the 
Metre des Archives, is kept by the French government. A foot is one 
third of the length of a certain bronze bar when the bar is at a tempera- 
ture of 62° F. This bar, known as the Standard Yard, is kept in th^ 
Standards' office of the English government. 

7. Equivalents of Linear Units. 

I meter = 10 decimeters = 100 centimeters = 1000 millimeters 

I yard = 3 feet = 36 inches 

I kilometer = 1000 meters = 0.62 mile 

I meter (m.) = 1.0936 yd. = 3.28 ft. = 39.37 ii^- 

I centimeter (cm.) = 0.3937 in. 

I inch =2.54 cm. 

I foot * =30.48 cm. 
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8. Units of Mass. — The mass of a body may be pro- 
visionally defined as the quantity of matter in it. In con- 
sidering the mass of a body the question is simply hoiv 
much matter is in it, irrespective of its weight, volume, or 
substance. The C. G. S. unit of mass is a gram; the F. P. S. 
unit of mass is a pound. 

A gram is the -^^ part of the mass of a certain piece 
of platinum, called a kilogram, which is kept in the archives 
at Paris.^ A pound is the mass of a certain piece, of plati- 
num kept in the Standards' office of the English govern- 
ment 

9. Equivalents of Units of Mass. 

I kilogram (kgm.)= icxx> grams (gm.) = 2.2 lb. 
I pound (lb.) = i6 ounces (oz.) = 453.59 gm. 
I gram = 0.035 o^* 

I ounce = 28.35 gm. 

10. Unit of Time. — The unit of time in both systems is 
a second, which is ^^^ ( aixfeOxfio ) ^^ ^^® average time from 
noon to noon, called a mean solar day. 

11. Units of Area. — The area of a surface is the num- 
ber of units of area contained in the surface. 

The C. G. S. unit of area is one square centimeter (s(\. cm.); 
the F. P. S. unit of area is one square foot (sq. ft). 

12. Equivalents of Units of Area. 

I sq. ft. = 144 sq. in. 
I sq. m. = 10,000 sq. cm. 
I sq. in. = 6.451 sq. cm. 
I s(f cm. = 0.155 sq.*in. 

^ For all practical purposes the mass of one cubic centimeter of water is equal 
to one gram. This, however, should not be considered as the definition of a 
gram. 
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13. Units of Volum?. — The volume of a body is the 
number of units of volume in the space it occupies. 

The C. G. S. unit of volume is a cubic centimeter i(zc,)\ the 
F. P. S. unit of volume is a cubic foot (cu. ft). 

• 14. Equivalents of Units of Volume. 

I cu. ft. = 1728 cu. in. 
I cu. m. = i,ooo,cxx> cc. 
I cu. in. = 16.38 cc. 

15. Determination of the Volume of a Regular Solid. — 
To determine the volume of a body of regular geometric 
shape a formula obtained mathematically for the volume 
of the given shaped solid may be used. Measurements 
of the dimensions involved in the formula are made and 
substituted in the formula. 

For example, the volume of a right cylinder is expressed by the for- 
mula "^ . To find the volume of any right cylinder it is only neces- 

4 
sary to make measurements directly of the diameter, d, and the altitude, 
hy and substituting these values in the formula, calculate the volume 
required. 

16. Determination of the Volume of Any Solid. — The 

volume of any solid may be determined by submerging it 
in a known volume of a liquid in which it does not dissolve 
or undergo chemical action, contained in a vessel gradu- 
ated in terms of a unit of volume, and then reading the 
joint volume. The difference between the volume read- 
ings before and after submergence is the volume of the 
solid. 

17. Determination of the Mass of a Body. — The mass of 
a body may be found by balancing it upon the scale pans of 
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a beam balance (Fig. i), with known masses which are 
multiples or submultiples of the gram or of the pound. 

18. Measurement of Time. — Time is c6nveniently meas- 
ured by means of a pendu- 
lum. If the length of the 
pendulum is such that the 
duration of each swing to or 
fro is one second^ the pen- 
dulum is called a seconds 
pendulum. 

The length of a seconds pendulum for numerous places on the earth^s 
sur&ce has been carefully determined, the length in New York being 
99.32 cm. 

19. Density and its Determination. — If the mass of a 
body of any given substance is divided into as many 
equal parts as there are units of volume in the space it 
occupies, then the mass per unit volume thus obtained, 
i.e. the quantity of matter in each unit of volume, is the 
density of that substance. 

Density is a property of each substance in general and 
not simply of a particular body of that substance. A 
small piece of iron has the same density as any piece of 
the same kind of iron. 

20. Relation of Mass and Volume to Density. — \i M 
represents the mass of a body, V its volume, and the 
Greek letter p (pronounced rho) its density, then 

V p 

If the mass is expressed in grams and the volume in 
cubic centimeters, the denomination of the density is 
grams per cubic centimeter. This matter of expressing 
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the denomination is very important, and must invariably be 
given in full. 

21. Variation. — In general, a scientific law is most con- 
cisely and completely expressed in the form of a variation^ 
or its equivalent, a proportion* 

Thus : The quantity of water flowing from a faucet varies directly as 
the time of flow ; or, The quantity of heat produced in a furnace is 
directly proportional to the quantity of coal burned. 

22. Kinds of Quantities. — Quantities are of two kinds : 
constants and variables, A constant is a quantity whose 
value is fixed, as the length of a meter, the mass of a body, 
the duration of a year ; or whose value remains fixed in a 
given discussion, e,g, the area of the pages of a notebook 
being constant^ the quantity of record that may be made 
on a page depends upon the coarseness of the writing. 

A variable is a quantity whose value changes, as the 
length of an elastic band, the weight of a body, the dura- 
tion of the afternoons, or, in the illustration just given, 
the quantity of record per page and the coarseness of the 
writing. 

23. Ratio. — A change in value of a variable is always 
related to a change in value of one or more other variables. 

Thus, the number of steps being fixed, the distance one walks is 
related to the length of step taken. If, taking the same number of steps 
each time, one walks several distances, say 20 ft. (/?i), 25 ft. (Z>3), and 
30 ft. (Z^g), the length of step being 2 ft. (Z-i) the first time, 2.5 ft. (Zg) 
the second, and 3 ft. (Z3) the third time, then the distance walked is 
one variable and the length of step taken is a related variable. Further- 
more, the relation between any two values of one of these variables 
is the same as the relation between the two corresponding values of 
the other variable. These relations are mathematically expressed as 
ratios. 
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A ratio is the quotient obtained by dividing the value of 
one quantity by the value of another quantity of the same 
denofninatiofiy and is itself an abstract number, i,e, has no 
denomination. 

nr\ ft- 

Thus the ratio of a 20 ft. distance to a 25 ft. distance is , or, as 

^ 25 ft. 

commonly written, 20 ft. : 25 ft., which equals f or .8, an abstract 

number. And again, the ratio of a 2 ft. step to a 2.5 ft. step is ^ ' , or 

2.5 ft. 

2 ft. : 2.5 ft., which equals * or .8, a number having no denomination. 

24. Proportion. — A proportion is an equality of two 
ratios. While each ratio in itself is always the quotient 
of two quantities V)f the same kind, the two equal ratios 
constituting a proportion are generally of different kinds 
of quantities. 

For example, the ratio of 6 gm. to 3 gm. is 2, and the ratio of 10 cm. 
to 5 cm. is 2 ; and since the two ratios are equal they may constitute 
the proportion : — 

6 gm. : 3 gm. = 10 cm. : 5 cm. 

The terms of a ratio or of a proportion are the several 
quantities constituting it. 

In the problem given in § 23, the ratio of any two distances walkea, 
e.g. 20 ft. : 30 ft. (= J), is equal to the ratio of the corresponding lengths 
of step taken, 2 ft. : 3 ft. (= J), hence these ratios may constitute the 
proportion : — 

20 ft. (Z?i) : 30 ft. (Z?3) = 2 ft. (ZO : 3 ft. (Z3). Likewise 20 ft. 
(A) : 25 ft. (Z?2) = 2 ft. (ZO : 2.5 ft. (Za), and 25 ft. (Z?^) : 30 ft. {D^) 
= 2.sft. (Z2):3ft. (Z3). 

25. Direct Proportion. — The relation between these two 
variables, viz, the distance walked and the length of step 
taken, is expressed by saying "the distance one walks 
(the number of steps being constant) varies directly as the 
length of step taken," or "the distance one walks (the 
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number of steps being constant) is directly proportional to 
the length of step taken." 

In general, one quantity is said to vary directly as or to 
be directly proportional to another quantity when the ratio 
of any two values of one of the variables equals the ratio 
of the two corresponding values of the other variable. 

If D^ and D^ are any two values of a variable D^ and L^ 
and L^ are the two corresponding values of another vari- 
able L so related to D that 

then D is said to vary directly as, or jfeo be directly pro- 
portional to, L. The sign of variation is a, and is read 
"varies directly as"; thus the expression, D ccL^ is read 
" D varies directly as Z." 

26. Inverse Proportion. 

Again, if one walks a fixed distance, say 30 ft., several times, taking 
a different length of step each time, as 2 ft. (Z,), 2.5 ft. (Z2), 3 ft. (As)* 
etc., it is evident that the number of steps taken is different each time, 
being 15 (A^i), 12 (A'',), 10 (A^s), etc., respectively. In this case the 
length of step is one variable and the number of steps is a related vari- 
able ; but as the value of the one increases that of the other decreases. 
If, however, the ratio of any two values of one of the variables is com- 
pared with the ratio of the reciprocals of the corresponding values of 
the other variable, the ratios are found to be equal. Thus, 

^._r^o ^ life) ^ 12 (AT,) ^^^^^^ 

2.5ft.(i^2) ±M\ 15 W) 

I2\A^2/ 

the ratio of the reciprocals of two quantities equals the reciprocal or 
inverted ratio of the two quantities. Hence 2 ft. (Z^) : 2.5 ft. (Z,) t= 
12 (A^2) -^5 (-^i)' ^•^' ^^ length of step taken theyfrj/ time is to the 
length of step taken the second time as the number of steps taken the 
second time is to the number of steps taken the first time. Because of 
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the inverted order of the terms in the second ratio the relation between 
these two variables is expressed by saying : " In walking a fixed dis- 
tance the length of step varies inversely as the number of steps taken," 
or " In walking a fixed distance the length of step is inversely propor- 
tional to the number of steps taken.". 

In general, one quantity is said to vary inversely as 
another quantity when the ratio of any two values of one 
of the variables equals the reciprocal ratio of the two 
corresponding values of the other variable. 

If Zj and Z2 are any two values of the variable Z, and 
N^ and N^ are the two corresponding values of another 
variable N so related to Z that 

I 

then N is said to vary inversely as, or to be inversely pro- 
portional to, Z, and is written iV a -. 

27. Compound Proportion or Joint Variation. — A quan- 
tity is said to vary jointly as two or more other quantities 
when it varies as the product of the other quantities. 

In the given problems the distance one may walk 
depends both upon the length of step and upon the num- 
ber of steps taken, i.e. D varies jointly as Z and N^ or 

In the same problem it is evident that the number of 
3teps taken varies directly as the distance and inversely as 
the length of step taken, or 

As a variation this is written iVa— , which is read, "iV 
varies directly as D and inversely as Z." 
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28. Relation between Mass and Density, the Volumes 
being Equal. — The densities y p^ and p^, of two bodies of 
different substances^ havivg equal volumes^ V, are directly 
proportional to their masses ^ . M^ and M^. 



For 



Therefore 



or, 



Ml .r.A M2 

Pi = -^andp2 = y- 

Pi P2 
Pl'P2 = ^l' '^2' 



29. Relation between Volume and Density, the Masses 
being Equal. — The densities, p^ and p^, of two bodies of 
different substances, having equal mass, M, are inversely 
proportional to their volumes, V^ and V^ 



For 


M , M 


Therefore 


A/=F,p, = F^„ 




p,:p, = V,:V, 



.: 30. Graphical Representation of Direct Proportions.— 

Direct proportions are conveniently represented in the 
following way on cross-section paper (Fig. 2). Suppose 
the relation of the data tabulated below is to be graphi- 
cally represented > — 



Substance 


Mass 


Volume 


Density 


Alcohol 

Ice 

Water 

Glycerine .... 
Sulphuric Acid . . 
Glass 


800 gm. 

910 gm. 
1000 gm. 
1260 gm. 
1840 gm. 
2600 gm. 


1000 CC. 
1000 CC. 

1000 cc. 
1000 cc. 
1000 cc. 
1000 cc. 


0.8 gm. per cc. 
91 gm. per cc. 
1.0 gm. per cc. 
1.26 gm. per cc. 
1.84 gm. per cc. 
2.6 gm. per cc. 
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From the lower left-hand corner of the cross-section paper, taken as 
zero, lay off to the right on the horizontal axis the masses of the different 
substances on some convenient scale, say i cm. =0400 gm. From the 
same corner lay off on the vertical axis the densities of the substances 
on a scale, say i cm. o .50 gm. per cc. 



j5 

c 




aoo 4UU aHi isoo ;u(jo liax) i4tw luw idou.axw a-JDO itiuu i:<3i)ouauo iooq 

Mass (in grams) in equal volumes (looo cc.) 
Fig. 2. — Graph showing the direct variation, pxM,V being constant. 

On the 800 gm. line, representing the mass of the alcohol, at a distance 
above the horizontal axis, representing the density of alcohol, viz, 
.8-gm. per cc, mark a cross thus, X- In a similar way, indicate the 
densities of the other substances on the lines which represent their 
corresponding masses.* Having plotted the six values, a line passing 
through all of the crosses is found to be a straight line which passes 
through the origin o (zero). This straight line, sloping upward from 
the origin, indicates that the densities of the substances are directly 
proportional to the masses having eqtml volume (1000 cc). 

The fact may be better understood if it is observed that six similar 
trianf^les have been formed whose altitudes are proportional to their 
bases, the altitudes representing the densities and the bases representing 
the masses, respectively. 
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31. Graphical Representation of Inverse Proportion. 





Substance 


Mass 


VOLUMB 


Dbnsity 


Lead 

Iron 

Aluminum .... 

Oak 

Pine 

Cork 


lOOO gm. 
lOOO gm. 
looo gm. 
looogm. 
looogm. 
looogm. 


88.5 CC. 

135 cc. 

360 cc. 
1250 cc. 
2000 cc. 
4166 cc. 


1 1.3 gm. percc. 
7.4 gm. per cc. 
2.78 gm. per cc. 
0.8 gm. per cc. 
0.5 gm. per cc. 
24 gm. per cc. 



If, in a similar way (Fig. 3), the relation between the volumes of 
equal mass and the densities of the various substances given in the 
above set of data is represented by laying off on the horizontal axis 
the volumes on a scale of i cm. =0= 600 cc, and on the vertical axis, the 
densities on a scale of i cm. =0 1.2 gm. per cc, then the line passing 
through the six densities thus plotted is a curve which continually 
approaches both the horizontal and vertical axes but never intersects 
them and which also is concave in a direction away from the origin. 
This curve, called a hyperbola^ represents an inverse proportion be- 
tween the two sets of quantities plotted, which in the present case are 
the volumes of equal mass and the corresponding densities of the 
substances. 

32. Summary. — To summarize the foregoing rela- 
tions : — 

I. The density of a substance is the mass in unit volume, 
e.g, grams per cubic centimeter, and is denoted by the Greek 
letter p, 

3. If equal volumes of different substances are taken, 
the densities of the substances are directly proportional 
to the masses in these equal volumes. 

4. If equal masses of different substances are taken, 
the densities of the substances are inversely proportional 
to the volumes of the equal masses. 
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33. Gravitation. — Every particle of matter attracts every 
other particle of matter and the value of this attraction 



13.1 
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Fig. 3. — Graph showing the inverse variation, /">«—, A/ being constant. 



varies directly as the product of the attracting masses and 
inversely as the square of the distance between their cen- 
ters. This attraction is called ^n?z^//^//^// and may be ex- 
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pressed in the form of an equation : F = ^^ ^, where F 

is the force of attraction, m and w' are the attracting 
masses, d is the distance between their centers, and ^ is a 
constant factor. 

34. Weight. — When one of the attracting masses is the 
earth and the other some body upon the earth, this attrac- 
tion is called gravity^ and the measure of this attraction is 
the weight of the body. 

If m is the mass of the earth and d the distance from 
the center of the earth to the center of mass of the given 
body, then the weight of this body will depend entirely 
upon. the value of its mass, fn\ provided it remains at the 

same place on the earth, because in the formula, F= —j^^* 

ffty dy and c have the same value for the same place. 

The fact is expressed by the statement : the weight of 
a body is directly proportional to its mass. 

35. Units of Weight — The C. G. S. unit of weight is 
the weight of one gram ; the F. P. S. unit of weight is 
the weight of one pound. The meaning of the statement 
that the weight of a body is lOO grams is that the earth's 
attraction for the body is \QO times its attraction for one 
gram. 

36. Variation in the Weight of the Same Mass. — Since 
the shape of the earth is not truly spherical, the polar 
diameter being 7900 mi. while the equatorial diameter 
is 7926 mi., the value of d decreases 13 mi. upon mov- 
ing from the equator to either pole, hence a body whose 
mass remains constant will weigh more at either pole than 
at the equator. 
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The weight of one pound mass at the equator is, according to the 

formula, 7 — ^-v-s c — 7— The weight of one pound mass at 

(3963)' 15705^369 ^ 

either pole is - — —^.c = — 7 Therefore the weight of a body 

(3950)^ 15,602,500 ^ ^ 

at the equator is approximately i|} of its weight at either pole. 

The point to be remembered in this connection is that 
the mass of a body, or its quantity of matter, is entirely 
independent of the mass of the earth or its position on 
the earth ; while the weight of the body or the measure 
of the attraction between it and the earth, may vary with 
a change in its position upon the earth's surface. 

37. States of Matter. — Matter exists in three states: 
solid^ liquid^ and gaseous^ which are dependent upon, the 
temperature of the substance and the pressure upon it. 
The substance whose chemical constitution ♦is indicated by 
the formula HgO is a solid at temperatures below 0° C, a 
liquid between 0° and i(X)°C., and a gas at temperatures 
above 100° C. when the pressure equals 760 mm. of mer- 
cury, or normal atmospheric pressure. 

38. Kinetic Theory of the Constitution of Matter. — Mat- 
ter is conceived to consist of extremely small particles, 
called molecules. These molecules are in continual vibra- 
tory motion, so that no two molecules are ever in perma- 
nent contact with one another. 

When matter is in the solid state, its molecules move 
in ver.y restricted paths and in the same portion of the 
body, so that a solid tends to preserve a definite shape and 
a definite volume. 

When matter is in the liquid state, its molecules have 
perfect freedom of motion amongst themselves, moving 
about through all parts of the liquid and even at times 
breaking through the surface of the liquid, producing the 
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phenomenon known as evaporation. The molecules, 
however, preserve on the average the same relative dis- 
tance from each other, so that in consequence, a liquid 
tends to preserve a definite volume. On account of the 
ease with which the molecules of a liquid glide over one 
another, the shape of a body of liquid conforms to the 
shape of the vessel in which it is placed. 

When matter is in the gaseous state, its molecules mov- 
ing with enormous velocities in every direction tend to 
increase constantly the distances between them, and if not 
confined in a vessel, a gas will occupy a space indefinitely 
large. If, however, it is confined in a vessel, its volume 
is the entire capacity of the vessel, for it fills it completely. 
On • account of the enormous velocities with which the 
molecules of a gas move, their bombardment of the sides 
of the vessel \^hich confines it produces a pressure upon 
these walls whose value is dependent upon the mass of the 
confined gas and upon the capacity of the confining vessel. 

39. Fluid: Liquid, Vapor, Gas. — The term fluid is 
used to include both liquids and gases because of their 
common tendency to flow. A vapor is a substance in the 
gaseous state which under ordinary conditions of tempera- 
ture and pressure is a liquid or a solid. Steam, for exam- 
ple, is water vapor. The term gas is restricted to include 
only those substances, such as carbon dioxid or hydrogen, 
which continue in the gaseous state at all ordinary tem- 
peratures or pressures. The following grouping of these 
terms suggests their relations : — 



States 

of 
Matter 



Solid 
Liquid 

Gas 



Gaseous 



Vapor 



Fluid 
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40. General Divisions of Mechanics. — Mechanics is that 
branch of Physics which treats of the action of forces upon 
matter. By 3, force is meant ?Lpush or 2. pull. The idea of 
force is obtained through the muscular sense, from the 
sensation of exertion experienced when an attempt is 
made to move a body or to change its motion. 

Mechanics is subdivided into (i) Statics, in which the 
body acted upon by forces is conceived to be at rest; 
(2) Kinematics, in which the motion of bodies is considered 
regardless of the force causing the motion or of the mass 
moving ; (3) Kinetics, in which the motion of a body is con- 
sidered as the effect of applied forces. 

41. Pressure; Tension.— Pressure is thatportion of apusA 
exerted against a body which does not result in motion. 
Pressure generally acts upon appreciable surfaces and its 
value is the quantity of force upon unit area. Tension is 
that portion of a pull upon a body which does not result in 
motion and is measured in the same way as is pressure. 

PROBLEMS 

I. What is the capacity (volume) of a bottle which will hold exactly 
I kgm. of mercury whose density is 13.6 gm. per cc? Ans. 73.53 cc. 
. 2. The density of iron is 430 lb. per cu. ft. What is the volume of 
a flatiroQ whose mass is 8 lb. ? Ans. 32.14 cu. in. 

3. The mass of 32 cc. of aluminum is 90 gm. What is the density 
of aluminum? Ans. 2.8 gm. per cc. 

4. What is the mass of 50 cc. of sulphuric acid whose density is i .84 
gm. per cc? Ans. 92 gm. 

5. The density of aluminum is 2.7, lead 11. 3, copper 8.8 gm. per cc. 
How long a bar of each, having a cross section of i sq. cm., will have a 
mass of 1000 gm. ? Ans. 370.4 cm., 88.5 cm., and 1 13.6 cm., respectively. 

6. Find the volume of 1000 gm. of iron whose density is 7.2 gm. 
per cc. Ans. 138.9 cc. 
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7. If the density of brass is 7.1 gm. per cc, what is the volume of 
1000 gm. of brass ? Ans. 140.8 cc. 

8. The area of a circle is wr^. What is the ratio of the areas of two 
circles one of which has twice the diameter of the other? Ans. 4:1. 

9. What is the ratio of the diametere of two circles one of which 
has twice the area of the other ? Ans, y^2 : i . 

10. The distance a train moves in a given time varies as its average 
velocity. If the velocity of a train is 50 mi. per hr., how far will it 
travel in the time that it moves 4 mi. with a velocity of 20 mi. per hr. ? 
Ans, 10 mi. 

11. The time it takes a train to move a certain distance varies 
inversely as its velocity. If the velocity of a train is 15 mi. per hr., how 
long will it take to move the same distance it moves in 35 min. with a 
velocity of 40 mi. per hr.? Ans, 93 J min. 

12. The volume of a gas is inversely proportional to its pressure. 
If a certain mass of hydrogen occupies a volume of 75 cc. under a 
pressure of 750 mm., what volume will it occupy under a pressure of 
760 mm.? Ans, 7401 cc. 

13. 180 gm. of iron has the same volume as 25 gm. of water; the 
density of water is i gm. per cc. What is the density of iron ? Ans, 
7.2 gm. per cc. 

14. How many grams of glycerine whose density is 1.26 gm. per cc. 
can be put into a bottle which will hold 500. gm. of sulphuric acid whose 
density is 1.84 gm. per cc? Ans. 342.4 gm. 

15. The density of coal is 1.6 gm. per cc. How large is a piece of 
coal that has the same mass as 1 20 cc. of brass whose density is 8.2 gm. 
per cc? Ans, 615 cc. 

16. What is the density of a substance 100 cc. of which has the same 
mass as 60 cc. of mercury whose density is 13.6 gm. per cc ? Ans, 8.16 
gra. per cc 



CHAPTER II 
STATICS OP LIQUIDS 

42. Causes of Liquid Pressure. — Liquid pressure is due 
to two causes: (i) an externally applied force; (2) the 
weight of the liquid itself. For the sake of clearness in 
the discussion of these two causes it will be assumed that 
but one of them is operative at any one time although, in 
reality, both causes act simultaneously. 

43. Transmission of Pressure externally Applied. — To 

consider the pressure exerted by a liquid from the first 
cause, suppose a closed vessel, as shown in Fig. 4, to 
be filled with a liquid and that at 
two different places, A and B, in the 
containing walls the surfaces can be 
moved like pistons in or outward. 
If a force is applied externally to 
piston A, pushing it in against the 
liquid, the liquid will be under pres- 
sure and, since the molecules of a liquid move over one 
another with perfect freedom, this pressure will cause the 
liquid molecules to move in all directions with the same 
force, and in the transmission of this pressure there is no 
loss due to internal friction. Every molecule is then 
exerting the same force and exerting it in every direction. 
If we denote the value of the pressure, i,e, the pressure 
upon unit area, by the small letter /, the value of / will 
be the same in all parts of the liquid, for there will be 

19 
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as many molecules pushing against a unit surface in one 
part of the liquid as in another. 

44. Proportionality of Pressures and Areas. — Since the 
value of / is constant throughout the liquid, the total pres- 
sures upon the surfaces of the pistons, A and By are 
directly proportional to the areas of those surfaces ; for / 
equals the total pressure upon A divided by the area of Ay 
and also equals the total pressure on B divided by the area 

of ^. 

Pressure on A __ Pressure on B _ . 
Area of A Area of B 

Therefore, 
Pressure on A : Pressure on ^ = Area of A : Area of B, 

45. Pascal's Law. — This mode of transmitting pressure 
is equally true for gases and is termed transmission of 
pressure by fluids. The above relation is expressed in 
what is known as Pascal's Law. 

A pressure exerted upon any part of a fluid inclosed in a 
vessel is transmitted undiminished in all directions, equally 
to equal areas and at right angles to them, and the total pres- 
sures upon any two surfaces exposed to the fluid under pres- 
sure are directly proportional to the areas of those suffaces. 

Illustration. — If the area of surface A is 2 sq. cm. and a force of 
loo gm. is applied to Ay every square centimeter of surface within the 
fluid or in contact with it is under a pressure of 50 gm. If the area of 
-5 is 100 sq. cm., the total pressure against -5 is 50 x 100 = 5000 gm. 
Stating the same by proportion, 

100 gm. : ;rgm. = 2 sq. cm. : 100 sq. cm. 

2X= 10,000. X = 5000 gm. 

This is the force which would prevent B from moving outward, or is 
the force B would exert in moving outward. 

All that is necessary, then, that a force of 100 units at any surface of 
a fluid shall produce a pressure of 5000 units at some other surface is 
that the flrst surface shall be ^ as large as the second. 
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Fig. s. 



46. Application of Pascal's Law. — This principle is 
applied in hydraulic presses (Fig. 5), jacks or elevators, 
in compressed-air machinery, steam boilers, engines, and in 
every other case of fluids under pres- 
sure. 

47. Gravity Pressure of a Liquid. 

— Since there is an attraction in a 
vertical direction between the earth 
and all bodies on the earth, it fol- 
lows that any surface beneath a 
liquid receives a pressure due to 
the pull of the earth on the liquid 
above it. 

To determine upon what this pressure depends, suppose 
that a horizontal surface (Fig. 6) whose area is a sq. cm. 
is placed h cm. below the surface of the liquid, as shown 
in the diagram. The pressure upon a is the weight of the 
column of liquid vertically above it. The volume of this 
column of liquid equals k x a cc, and, if 
the density of the liquid is p gm. per cc, 
the weight of this column of liquid is 
hap gm. 

Hence the pressure of the liquid due 
to gravity on any horizontal surface whose 
area is a sq. cm. when placed at a depth 
of h cm. in a liquid whose density is p gm. 
per cc. equals hap gm. 

Since gravity pressure depends in the 
same manner upon the three quantities, depths area, and 
density, a variation in any one of these factors must pro- 
duce a corresponding variation in the pressure. From 
this are derived the following laws : — 




Fig. 6. 
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1. The gravity pressure of a liquid upon any surface 
is directly proportional to the depth of that surface in the 
liquid. 

2. The gravity pressure of a liquid is directly propor- 
tional to the density of the liquid. 

3. The total gravity pressure of a liquid is directly pro- 
portional to the area of the surface pressed upon. 

48. Equal Pressure in All Directions at Same Depth. — 

From the principle of fluid transmission of pressure, pre- 
viously discussed, it follows that if any layer of 
liquid a (Fig. 7) is pressed upon by a column of 
liquid h directly above it, this layer of liquid trans- 
mits this pressure equally in all directions, so that 
any equal surfaces, b and c, at the same level will 
have exerted upon them the same pres- 
sure, Iiap^ whether they be horizontal 
as b or vertical as c. Hence the gravity 



p^Q pressure of a liquid is equal at the same 

depth in all directions. 
It must be clearly understood that the pressure upon 
any surface beneath a liquid is entirely independent of 
the depth of liquid below that surface. The only depth 
of liquid that determines a pressure is the depth of liquid 
above the level of the surface. 

49. Pressure Independent of Shape of Vessel. — It also 
follows from the foregoing that the total pressures on bases 
of equal areas of differently shaped vessels which contain 
liquid of the same density and depth are equal. 

The veswsels shown in Fig. 8, {a\ {b\ and (t:), are sup- 
ported by the ring stands, and a disk whose area is A sq. 
cm. is held by the upward force P applied to the cord 
which is attached to this disk, against the lower end of the 
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vessel. Liquid of the same density is poured into each* 
until the depth is h cm. above A, The force P required 
to hold the disk against the lower end will in each case be 
hap gm. 

In vessel {a) the weight of the liquid just equals this 
pressure. In vessel {b) the weight of the liquid is more 
than hAp gm., but the outward sloping sides pressing up- 





FiG. 8. 

ward against the liquid support the excess weight. In 
vessel (c) the weight of the liquid is less than hAp gm., 
but the inward sloping sides pressing downward against 
the liquid make up the deficiency. 

Hence it follows that the pressure upon the base of a 
vessel is independent of the shape of the vessel, or the 
quantity of liquid in it provided the values of hy A^ and p 
remain unchanged. 

50. Gravity Pressure of a Liquid upon a Vertical Rec- 
tangular Surface. — If the surface is vertical, the depth 
of each successive portion of the surface increases as the 
lower edge is approached, hence the pressure increases 
proportionally. 

The average of the series of pressures upon unit area 



24 



PHYSICS 






Fig. 9. 



beginning with A^p (Fig. 9) at the upper edge a of the sur- 
face ady and ending with /i^p at the lower 
edge 6, is the pressure at the center c of this 
surface. The total pressure upon a vertical 
surface therefore equals the weight of a 
column of liquid whose depth is the depth 
of the center of the surface, whose base is 
the area pressed upon, and whose density 
is that of the given liquid. Letting h^ 
represent the depth of the center of the 
given surface below the surface of the 
liquid, the total pressure P = A^p. 

51. Liquid Pressure on Any Rectangular Surface, — It follows also 
that if the surface ad (Fig. 10) is rotated in a vertical plane about c as 
a center so that c always remains at the same depth in the liquid^ the 
pressure upon the surface is unchanged as ab takes 
the successive positions a'h\ a"b", a'"l/". Hence 
the pressure upon any rectangular surface, whether ^^^^^^f^=. 
vertical, horizontal, or oblique, equals h^ap, 

52. Problems. — To show the applica- 
tion of the foregoing theory of liquid 
pressure, solutions of the following prob- 
lems are given : — 

I. A cylindrical can, 10 era. in diameter and 
20 cm. high, is filled with kerosene, whose density 
is .8 gm. per cc. Find the pressure of the kero- 
sene upon the bottom and sides of the can. 

Solution, — (i) The depth of liquid h^ pressing on the bottom of the 
can is 20 cm. The bottom being circular its area, ttt^, is 3.1416 x 5* 
= 78.54 sq. cm. The pressure on the bottom, h^p, = 20 x 78.54 x .8 
= 1256.66 gm. 

(2) The depth he of the center of the sides of the can below the sur- 
face of the kerosene is \ of 20 cm. = 10 cm. The area of the sides is 
the area of a rectangle one side of which is the circumference of the 
can, 2 Trr, and the other side is the height of the can, 20 cm., = 2 x 3. 141 6 




Fig. la 
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X 5 X 20 = 628.32 sq. cm. The pressure on the sides of the can, 
h^p = 10 X 628.32 X .8 = 5626.66 gm. 

2. A rectangular closed vessel (Fig. 11) 40 cm. long, 25 cm. wide, 
and 60 cm. high is half full of naphtha, whose density is .75 gm. per cc. ; 
in the space above the naphtha is compressed air 
under a pressure of 2000 gm. per sq. cm . Find from 
botft causes operating simultaneously the pressure 
upon the bottom and one end of the vessel. 

Solution, — (i) Since the compressed air exerts 
a pressure of 2000 gm. upon each square centimeter, 
and since the liquid transmits this pressure undi- 
minished equally in all directions, the pressure on 
the bottom of the vessel due to the compressed air 
= 2000 X the area of the bottom (40 x 25 = 1000 
sq. cm.) = 2,000,000 gm. The depth he of liquid 
above the bottom is J of 60 cm. = 30 cm. The pres- 
sure of the liquid due to its weight, heap, = 30 x 
1000 X .75 = 22,500 gm. Therefore, the total pressure on the bottom 
from both causes = 2,022,500 gm. 

(2) The pressure on the end, 60 x 25 cm., due to the compressed 
air, = 2000 X 1500 = 3j00o,ooo gm. The area of that half of the end in 
contact with the liquid = 750 sq. cm. The depth, h^ of the center of 
this portion below the surface of the liquid — \ of 30 = 15 cm. The 
pressure on the end due to the weight of the liquid, h^p, = 15 x 750 
X .75 = 8437.5 gm. The total pressure on the end from both causes 
= 3.008,437-5 gm- 




Fig. II. 



53. Liquid in Communicating Vessels. — The surfaces of 
a liquid at rest in communicating vessels lie in the same 
horizontal plane if the surfaces are under the same pressure 
from above. 

To show why this is so, consider the pressure upon the 
plane a (Fig. 12) in the liquid in the communicating tube. 
It is pressed toward the right by the liquid in vessels A, By 
and C and toward the left by the liquid in D, The plane 
a can be at rest only if these pressures to the left and to 
the right are equal. 
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The surface a is common to both pressures, the density of 
the liquid is the same, therefore the height of liquid above a 
must be the same on both sides of it in order that h^p shall be 

equal on both sides. Hence the 
liquid surfaces in A^ B, C, and D 
lie in the same horizontal plfee. 

54. Free Surface of a Liquid at 
Rest. — For the same reason as 
the foregoing the free surface 
of a liquid at rest is horizontal. 

If this were not so, two surfaces, a and b (Fig. 13), at 
the same level, would be at different depths below the 
surface of the liquid, and would in conse- 
quence be under different pressures. The 
greater pressure at b would force liquid 
toward a until the pressures become equal, 
or until the depth of a below the surface of 
the liquid equals the depth of ^, which condition requires 
that the surface of the liquid shall 
be horizontal. 



55. Archimedes' Principle. — Since 
the pressure of a liquid due to its 
weight increases as the depth of the 
liquid above the surface pressed upon 
increases, it follows that if a body 
(Fig. 14 ^) is suspended from a spring 
balance and submerged in a liquid, 
the upward pressure, h^ap, of the 
liquid upon the under surface of the 
body being greater than the down- 
ward pressure, h^ap, of the liquid upon the upper surface 
of the body will cause the spring balance to register a less 
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pull on it than before submerging the body (Fig. 14 a), 
or the body is said to lose weight. 

This loss of weight must equal the difference of the 
upward and downward pressures of the liquid upon the 
submerged body, or h^ap — h^ap = {h^ — k^ap gm. But 
(^2 "- ^h) equals the altitude of the submerged body, and 
the product, (//i — k^a, equals the volume of that body. If 
this volume is multiplied by the density p of the liquid, the 
product, (^2 ~ ^1) ^P* equals the weight of that volume of 
liquid, or is the weight of liquid the body displaces when 
completely submerged. 

Hence, the loss of weight of a body submerged in a 
fluid equals the weight of the fluid it displaces.. 

This principle was first stated by the Greek, Archi- 
medes, as follows : A body submerged in a fluid is buoyed 
7tp by a force equal to the weight of the fluid it displaces, 

56. Principle of Flotation. — If a body is buoyed up by 
a fluid with a force equal to its weighty the hoAy floats in 
the fluid. 

Since the force with which a body is buoyed up by a 
fluid equals the weight of the displaced fluid, it follows 
that a floating body displaces a weight of fluid equal to 
its own. 

If the length of the portion of the floating 
body, J/ (Fig. 15), which is below, the liquid 
surface is // cm., and the area of the under 
surface of the body is a sq. cm., the upward 
pressure of the liquid on the under surface of 
the body is hap gm. But ha equals the vol- ' ~^ 
ume of the submerged portion of the body, 
or the volume of the displaced liquid, and hap equals the 
weight of the displaced liquid. 
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Therefore, whenever a body floats in a liquid^ the weight 
of the liquid displaced equals the weight of the body, 

57. Conditions of Sinking and of Floating. — Whether 
a body sinks or floats in a liquid depeiids therefore upon 
three things: (i) the weight of the body, (2) the volume 
of the body, (3) the density of the liquid. 

Let W gm, = the weight of the body, Fee. the volume 
of the body, and p gm. per cc. the density of the liquid. 
Then Vp = the weight of liquid the body displaces when 
completely submerged. If lV>Vpy the body will sink, for 
its weight is greater than the buoyant force of the liquid. 
If IV= Vpf the weight of the body and the buoyant force 
are equal, and the body will remain at rest at any point 
within the liquid at which it is placed. If IV < Vp, the 
body will float, for it will displace less than its volume, V, 
of liquid when displacing its own weight of liquid. 

58. Specific Gravity and Relative Density. — The specific 
gravity of a substance is the ratio of the weights of equal 
volumes of that substance and of water. 

If the specific gravity of iron is 7, any piece of iron 
weighs 7 times as much as the same volume of water. 

Since the weight of a body is proportional to its mass, 
the ratio of two masses of equal volumes equals the ratio 
of the weights of equal volumes of the same substances. 
When discussing the densities of substances, it was proved 
that the ratio of the masses of equal volume of any two 
substances equals the ratio of the densities of the same 
substances. Therefore, the specific gravity of a substance 
is the same number as the relative density of the given 
substance and of water. It was also proved that the den- 
sities of substances are inversely proportional to the vol- 
umes of equal mass of those substances. Hence the specific 
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gravity of a substance also equals the inverse ratio of the 
volumes of equal mass of the given substance and of 
water. 

59. Basis of Specific Gravity Methods. — All of the 
methods employed to determine the specific gravity of 
substances are based upon these two relations: (i) the 
ratio of masses of equal volume ; (2) the ratio of volumes 
of equal mass. 

For example, if the mass of a certain piece of metal is 90 gm. and 
the mass of the same volume of water is 32 gm., the specific gravity of 
the metal is the ratio 90 : 32 = 2.8. Again, if the volume of a certain 
mass of a given liquid is 21 cc. and the volume of the same mass of 
w^er is 16 cc, the specific gravity of the liquid is the inverse ratio of 
these volumes, 16 : 21 = .76. 

To find the specific gravity of a substance, it is neces- 
sary, then, to determine either the mass of the substance 
and the mass of an equal volume of water, or the volume 
of the substance and the volume of an equal mass of water. 

If M^ is the mass of the substance, and My^ is the mass 

of an equal volume of water, the specific gravity of the 

M 
substance, sp. gr., = —^ 

li Vt is the volume of the substance, and V„ is the 
volume of an equal mass of water, the specific gravity of 

the substance, sp. gr., =-7^ 

60. Specific Gravity of Solids. — i. Solids that sink in 
water, — By Archimedes' principle the loss of weight of a 
solid in water equals the weight of water of the same volume 
as the solid. Therefore, the specific gravity of a solid that 
will sink in water equals its weight divided by its loss of 
weight in water. 
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2. Solids that float in water, — In this case the solid 
must be entirely submerged in water by tying a sinker 
to it and the loss of weight in water of the combined 
solids found. Then, if the loss of weight in water of the 
sinker alone is found, the differetiee between these losses 
equals the weight of water displaced by the floating solid 
when completely submerged. 

The specific gravity of the solid that will float in water 
equals its weight divided by the weight of water it displaces 
when completely submerged. 

3. If the floating solid is of regular geometric shape, its 
specific gravity may be found by floating it in water and 
calculating the volume of the submerged portion. Since a 
floating body displaces its weight of liquid, a volume of 
liquid equal to the volume of the submerged portion of the 
body must have the same mass as the floating body. 

The entire volume of the body is then calculated, and 
since the volume of the body and the volume of the 
water it displaces when floating have the same mass, the 
specific gravity of the body is the inverse ratio of these 
volumes, V^ : f^, where V^ is the volume of displaced 
water and V^ is the volume of the body. 

61. Specific Gravity of Liquids. — i. The mass of a 
given liquid and the mass of water which a certain flask 
will contain is found. Since the volumes are equal, the 
specific gravity of the liquid is the ratio, M^ : M„ . 

2. If the loss of weight of some sinking solid in the given 
liquid and the loss of weight of the same solid in water is 
found, these two losses equal the weights of the liquid and 
of water which have the same volume as the sinking solid. 
The specific gravity of the liquid is the ratio of the loss of 
weight of the solid in the liquid to the loss of weight in water. 
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3. If a light solid of regular shape is floated in the 
given liquid and in water and the volume of the submerged 
portion of the solid in each liquid is found, these volumes 
are the volumes of the liquid and of water which the float- 
ing solid displaces and therefore have the same mass as 
that of the solid. The specific gravity of the liquid is the 
inverse ratio of these volumes, V„ : f^. Such a floating 
solid used to determine the specific gravity of liquids is 
called a hydrometer. Hydrometers are usually provided 
with a scale so that the specific gravity 
of the liquid in which they are immersed 
may be read directly from the position 
of the liquid surface on the scale. 

4. If the liquid will not mix with 
water, it may be poured into one arm of a 
U-tube half filled with water, as shown 
in Fig. 16. If /^i is the height of the 
column of liquid ab^ which exerts the 
same pressure on surface b as the col- 
umn cd of water, whose height is h^, 
hyup^— k^p^ where p^ is the density of the 
given liquid, and p^ the density of water. 
Since the area a is common to both pres- fig. 16. 
sures, h^p^ = h^,^, or P\^'P^ = h^\ ^1 = the relative density of 
the liquid and water = the specific gravity of the liquid. 
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62. Cohesion; Adhesion; Tenacity. — The force acting 
between the molecules of solids and, to a less degree, of 
liquids, which holds the molecules in such relative positions 
that they tend to form a body of constant volume, is called 
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cohesion. The force acting between molecules of different 
substances causing them to adhere, one to the other, is 
called adhesion. These forces act only if the particles of 
the body are brought so close together that their distances 
apart are immeasurably small. 

In virtue of the molecular force of cohesion a body 
offers resistance to being pulled apart. This property of 
solids and liquids is called tenacity ; the term, however, is 
usually limited in its application to solids. 

63. Surface Tension of a Liquid. — Because of the exist- 
ence of these molecular forces in liquids it follows that the 
layer of molecules forming the free surface of a liquid is 
in a different condition from that of any other layer of par- 
ticles in the liquid. The particles within the body of the 
liquid are attracted by particles on 
all sides of them as shown in Fig. 
17; while at the surface these par- 
ticles are attracted only toward the 
body of the liquid, there being no 
opposing attractions above this sur- 
yiq\ face layer. The condition produced 

in the liquid surface from this cause 
is a state of tension as is indicated by the following facts 
determined by experiment : — 

A body of liquid when free from the action of external 
forces assumes a spherical shape. This is shown approxi- 
mately in falling raindrops or falling drops of molten lead. A 
better demonstration is afforded if a small quantity of olive 
oil is floated completely submerged in alcohol mixed with 
water until it is of the same density as the oil which then 
assumes the shape of a perfect sphere. A soap bubble is 
a liquid film which takes a spherical shape when blown ; 
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when the pipe is withdrawn from the mouth, the air within 
escapes, because the tension of the film contracts the 
bubble until it returns to the interior of the pipe bowl. 
Since the surface of a sphere is less than the surface of 
any other shaped body of the same volume, these phe- 
nomena indicate that the surface of a liquid tends to con- 
tract like a stretched membrane until its extent is the 
smallest possible. 

64. Capillarity. — If a solid, such as a glass plate, is 
placed in water or any other liquid that wets it, the force 
of adhesion between the glass and the liquid being greater 
than the cohesion between the particles of the liquid, the 
surface of the liquid is drawn up slightly along the sides 
of the plate, the tension of the surface rendering it curved 
concave upward. These liquid particles attracted upward 
along the glass drag along some of the rest of the liquid. 
The liquid thus raised above the level of the horizontal por- 
tions of the surface is supported by the surface tension or 
contracting force of this curved portion of the surface. If 
the glass plate is placed in mercury or other liquid which 
does not wet it, the cohesion of the liquid being greater 
than the adhesion between the glass and the liquid, the 
liquid is drawn down at the part where the liquid touches 
the glass, the surface tension of the liquid rendering it 
curved convex upward. 

This phenomenon is more pronounced when a tube of 
small bore is placed in a liquid. If the liquid is one that 
wets the tube, the contracting tendency of the liquid sur- 
face in the bore of the tube renders it concave upward 
(Fig. 18), and as the part in contact with the glass moves 
upward along its surface it raises the liquid in the tube above 
the level of liquid outside until the weight of the liquid 
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raised equals the tension of the liquid surface in the 
tube. If the diameter of the tube is reduced one half, the 
length of the circumference of the surface, 2 Trr, exerting 
the supporting tension, is also reduced one half ; but the 
weight of the liquid in the tube, varying as the area of the 
cross section, tt/^, is reduced to one fourth, the height of 
the column being the same ; hence the height of the raised 





Fig. 18. 



Fig, 19. 



column must be doubled in order that its weight shall equal 
the surface tension. Therefore, the height to ivhich the liquid 
is raised in a tube is inversely proportional to its diameter. 

If a small bore glass tube is dipped in mercury, the sur- 
face of the mercury within the tube is convex upward 
(Fig. 19), and on account of the contracting force of the 
surface the liquid is depressed until this force is in equi- 
librium with the pressure at that level in the mercury out- 
' side. The depression is inversely proportional to the diameter 
of the bore of the tube, 

65. Illustrations of Capillarity. — This phenomenon of 
capillary ascension of liquids is illustrated in the rise of oil 
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in lamp wicks, and in the thorough wetting of a towel hang- 
ing over the side of a bath tub with one end of the towel 
below the water, in the tub. In taking readings of the 
volume of liquids in burettes or graduates, the reading 
of the lowest point of the concave surface, or in the case 
of mercury the uppermost point of the convex surface, is 
taken, because in tubes of fairly large bore this capillary 
ascension or depression is mainly confined to the edges. 

W ' PROBLEMS 

1. One piston of an hydraulic press is 4 sq. cm. in area and the 
other is 480 sq. cm. What pressure on the smaller piston will produce 
a pressure of 5000 kgm. on the large piston? Ans, 41.6 kgm. 

2. The diameter of the valve stem of a bicycle tire is 8 mm. ; the 
diameter of the piston of a bicycle pump is 20 mm. What pressure on 
the valve is produced by a force of 40 kgm. on the. pump piston? 
Ans, 6.4 kgm. 

3. The diameter of a safety valve of a steam boiler is } inch. What 
must be the outside pressure on top of the valve to prevent its " blow- 
ing off" until the pressure in the boiler is 125 lb. per sq. in.? Ans. 
55 lb. 

4. Find the pressure on the bottom of a cubical vessel 10 cm. on a 
side, when filled with kerosene whose density is .78 gm. per cc. Ans. 
780 gm. 

5. Find the pressure on one end of a rectangular vessel 40 cm. long, 
25 cm. wide, and 15 cm. high, when filled with dilute sulphuric acid 
whose density is 1.2 gm. per cc. Ans. 3600 gm. 

V 6. A can whose shape is that of a frustum of a cone is 12 cm. high. 
The base is 170 sq. cm. in area, the top is 120 sq. cm. The can is filled 
with maple sirup whose density is i.i gm. per cc, and is then closed 
at the top. (a) What is the pressure on the base when the can is rest- 
ing on that end ? (d) What is the pressure on the top when the can 
is turned upside down and rests on the top? Ans. (a) 2244 gm. ; 
(^)i584gm. 

7. A regular hollow pyramid 10 cm. high and 12 cm. squaVe at the 
base is filled with water, (a) What is the pressure on the base ? The 
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volume of the water is 480 cc. (d) How can the difference between its 
weight and the pressure on the base be accounted for? Ans. (a) 
1440 gm. 

8. What is the pressure on a dam 40 ft. long and 20 ft. high, the 
density of water being 62.5 lb. per cu. ft. ? Afis, 500,000 lb. 
' 9. The surface of the water in a city reservoir is 250 ft. above sea 
level. Find the pressure on a sq. in. of a faucet in a pipe connected 
with this reservoir, the feucet being 210 ft. above sea level. The 
density of water is 62.5 lb. per cu. ft. Ans, 17.36 lb. 

10. (a) Find the loss of weight of 40 cc. of iron when weighed in 
water, (d) If the iron weighs 290 gm. in air, what will it weigh in 
water? Ans. (a) 40 gm. ; (d) 250 gm. 

11. (a) Find the loss of weight of 40 cc. of gold when weighed in 
water, {d) If the gold weighs 732 gm. in water, what is the density of 
gold? Ans. (a) 40 gm. ; (6) 19.3 gm. per cc. 

12. Eight cubic centimeters of silver weighs in air 83.2 gm. (a) 
What will it weigh in water? (d) What will it weigh in oil whose 
density is .9 gm. per cc? Ans. (a) 75.2 gm. ; (d) 76 gm. 

, 13. A piece of iron weighs in air 100 gm. ; in alcohol whose density 
is .8 gm. per cc. it weighs 89 gm. What does it weigh in water? Ans. 
86.25 gm. 

14. A cubical solid 3 cm. on an edge is suspended in water with 
its lower face horizontal and 1 5 cm. below the surface of the water. 
What is the pressure on each fate, and what is the effect of these 
pressures ? 

If the cube is lowered until its lower surface is 25 cm. below the 
water surface, what are the pressures on each face and their effects ? 



Ans, 



ist position 2d position 

Pressure on top, 108.0 gm. 198.0 gm. 

Pressure on each side, 12 1.5 gm. 211.5 gm. 

. Pressure on bottom, i35-o gm. 225.0 gm. 



^ 15. A cube 4 X 4 X 4 ft. is submerged until its top surface is 12 ft. 
below the surface of a liquid whose density is 1.8 times that of water. 
Find the pressure in pounds, (a) on the top surface ; (d) on the bot- 
tom ; (c) on one side. 

Pressure on top, 21,600 lb. 

Ans. i Pressure on side, 25,200 lb. 

Pressure on bottom, 28,800 lb. 
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16. What is the tension of a cord supporting a block of iron whose 
density is 7 gm. per cc. and whose volume is 200 cc. which is sub- 
merged in a liquid whose density is 1.5 gm. per cc? Ans, iioo gm. 

17. A cube of wood 10 cm. on an edge Ls held submerged in water 
so that the upper fsice is 20 cm. below the water sur&ce. (a) What is 
the pressure of the water on the top of the cube? (6) On the bottom? 
{c) If the cube weighs 800 gm. in air, what does it weigh in water? 
Ahs. (a) 2000 gm.; (d) 3000 gm.; (c) -2oogm. 

V 18. A piece of wood floats in water f submerged; and when 10 gm. 
is placed on top of the wood it floats with the wood completely sub- 
merged, (a) What is the weight of the wood in air? (d) What is the 
volume of the wood? Ans, (a) 20 gm. ; (d) 30 cc. 

19. A lighter whose hull is rectangular, 70 ft. long by 20 ft. wide, floats 
in water with 4 ft. of its hull under water, (a) When a weight of 43.75 
tons is placed on the lighter, how much of the hull will be under water? 
(d) What is the weight of the lighter? Ans. (a) 5ft.; (^) 175 tons. 

20. A stick floats in water } submerged. How much of it will be 
submerged when it is floated in kerosene whose density is .78 gm. per 
cc? Ans, .854. 

21. A log that floats in fresh water half immersed is just completely 
immersed when a man weighing 125 lb. stands upon it. What is the 
volume of the log? Ans, 4 cu. ft. 

' 22. A rectangular stick having a base of 4 sq. cm. and a height of 
22 cm. floats in water with 4 cm. of its height out of water, (a) What 
is the weight of the stick? (d) How many cc. of lead whose density is 
II gm. per cc. placed on top of the stick will just submerge it? Ans, 
(a) 72 gm. ; (d) 1 .46 cc. 

23. A piece of copper weighs 200 gm. in air and 177 gm. in water. 
What is the sp. gr. of copper? Ans, 8.7. 

24. A cork weighs 5 gm. in air; when tied to a sinker which 
weighs in air 100 gm. and both are submerged in water, they weigh 71 
gm. ; the sinker alone in water weighs 86 gm. What is the sp. gr. of 
cork? Ans, .25. 

25. A rectangular cherry block 7.5 cm. long, 7.5' cm. wide, and 3.75 
cm. thick floats in water with 2.6 cm. of its thickness submerged. What 
is the sp. gr. of cherry wood? Ans. .693. 

26. An empty bottle weighs 42 gm. ; when filled with water it 
weighs 108 gm. ; when filled with alcohol it weighs 95 gm. What is 
the sp. gr. of alcohol? Ans. .8. 
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X 27. A piece of lead weighs 140 gm. in air, 127.5 g™- ^^ water, and 
125 gm. in dilute sulphuric acid. What is the sp. gr. of the acid.^ 
Ans. 1.2. 

28. A stick of uniform section, loaded at one end, floats upright in 
water with 25 cm. of its length submerged; when floated in nitric acid 
18 cm. of its length is submerged. What is the sp.' gr. of nitric acid? 
Ans. 1.39. 

29. Into one arm of a U-tube half full of water, oil is poured until 
the column of oil is 16 cm. long ; the height of water in the other arm 
above the level of the surface separating the two liquids is 14 cm. 
What is the sp. gr. of the oil? Ans. .875. 

30. A cube 2 cm. on an edge weighs 20 gm. in water, (a) What does 
it weigh in air? (6) What does it weigh in oil whose sp. gr. is ,8? 
Ans. (a) 28 gm. ; (^) 21.6 gm. 

. 31. A body whose substance has a density of 3.5 gm. per cc. is 
4 cm. X 5 cm. X 3 cm. (a) Find its mass, (d) its weight in water, 
(c) its weight in alcohol whose density is .8 gm. per cc. Ans. (a) 210 
gm. ; (d) 150 gm. ; (c) 162 gm. 

32. In a tube whose diameter is i mm. the capillary ascension of 
water is 30 mm. What will be the ascension in a tube .8 mm, in 
diameter? Ans. 37.5 mm. 

33. In a tube i mm. in diameter, the capillary depression of mercury 
is 18 mm. What allowance should be made for capillarity in reading 
the height of a column of mercury in a tube 9 mm. in diameter? 
Ans. 2 mm. should be added to the reading. ' 



CHAPTER III 
STATICS OF GASES 

66. Causes of Gas Pressure. — Gases exert pressure from 
two causes : (i) because of their weight, (2) because of the 
impact of their rapidly vibrating molecules against the 
walls of the containing vessel, as stated in the kinetic 
theory of matter. 

67. Gravity Pressure of a Gas. — Since the density of 
gases is a very small quantity (the mass of i cc. of air 
is .cx)i293 gm.), it is only in the case of a very large 
volume of a gas, such as the atmosphere, that the pres- 
sure due to its weight becomes an appreciable force. The 
atmosphere is a layer of a mixture of gases, variously esti- 
mated at from 50 to 200 miles in thickness, which com- 
pletely surrounds the earth. 

As in liquids, the gravity pressure of the atmosphere 
varies with its depth and density, but there is this impor- 
tant difference : Liquids are but very slightly compressible, 
so that I cc. of a liquid near the bottom of even a very large 
body of it has practically the same mass as i cc. of the 
liquid near the surface. Gases, oh the contrary, are very 
compressible, so that in the layers of the atmosphere ne.arest 
the earth which are compressed by the weight of the large 
mass of air above them the density is greatest. It fol- 
lows then that a column of air 100 feet high nearest 
the earth contains a greater mass than any column of the 
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same length higher up in the atmosphere. Therefore, 
the gravity pressure of the atmosphere increases with the 
depth of the atmosphere, but not in proportion to the depth.' 

68. Atmospheric Pressure and Height above Sea Level. — 

The pressure of the atmosphere at high altitudes is less 
than at sea level, because of the less depth of atmosphere 
pressing at these high levels, but the pressure at sea level 
is more than proportionally greater. 





Altitude in Milks 


Pressurr in mm. ok 
Mercury 


Altitude in Milks 


Pressure in mm. of 
Mercury 


18.63 


9 


4.66 


301 


12.42 


51 


3 II 


416 


932 


108 


1.56 


565 


777 


153 


0.00 


760 


6.21 


217 


(sea level) 





By plotting these data on cross-section paper (Fig. 20), laying off on 
the vertical axis the altitudes in miles above sea level on ^ scale 
I cm. =0. 2 mi., and on the horizontal axis the pressure of the atmosphere 
in millimeters of mercury on a scale i cm. =c= 100 mm., the curve shown is 
obtained. 

As appears from the curve, half of the mass of the atmosphere is 
within 3^ mi. of sea level. 

Starting at the altitude 18.63 ^^' above sea level as the upper surface 
of the atmosphere, since the pressure there is but 9 mm. of mercury, it 
is seen that the pressure of the first 6 mi. of atmosphere below this 
assumed upper surface is 51 — 9 = 42 mm. ; in the second 6 mi. the 
pressure increases to 240 — 51 = 189 mm. ; and in the last 6 mi. the 
pressure increases to 760 - 240 = 520 mm. 

69. Causes of Variation of Atmospheric Pressure. — The 

density of the atmosphere varies not only because of its 
compressibility, but also because of the presence, to a 
greater or less extent, of water vapor whose density is .62 
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that of dry air. At places, then, where the air is moist, or 
just before a storm, the pressure of the atmosphere de- 




ft » wo uo aw) i!5t» J(io itw -kX) 450 fi<w aw ea« sao 7^ju lao 
Pressure of the Atmosphere in mm. of Mercury. 

Fig. 20. — Graph showing the decrease of atmospheric pressure with an 
increase in the altitude above the sea level. 



creases because of the presence of a large quantity of this 
less dense vapor. * 

The greater number of the storms that cross our country 
in an easterly direction are cyclonic in character, that is, 
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a large volume of the atmosphere comes to have a whirling 
motion. Whenever a mass of fluid is rotated, it tends to heap 
up on the outside of the whirl and form a depression in the 
center. That part of the earth's surface which is below the 
center of one of these storms will then be the point of lowest 
pressure owing to a least depth of atmosphere above it, and 
there will be a ridge of high pressure on the outside of this 
whirl, which progresses as a wave over the surface of the 
earth. 






70. Measurement of Atmospheric Pressure. — A barome- 
ter is an instrument devised for measuring atmospheric 
pressure. There are two general types of ba- 
rometers : mercurial and aneroid (meaning with- 
out liquid). 

A simple mercurial barometer consists of a 
glass tube over 80 cm. long (Fig. 21 a\ closed 
at one end, which has been filled entirely with 
mercury (thus removing all of the air from the 
tube), and inverted in a cistern of mercury. The 
mercury in the cistern transmits the pressure of 
the atmosphere on its surface to the open end of 
the tube, so that a column of mercury extending 
above the level of the mercury outside is sup- 
ported in the tube whose weight equals the pres- 
sure transmitted to the open end of the tube. 
The normal height of this column of mercury in 
the tube above the level of the mercury in the 
cistern is 760 mm. at sea level. 

The pressure of the mercury on i sq. cm. at the point 
b within the tube is the same as the pr&ssure of the atmos- 
phere on I sq. cm. at the same level a on the outside mer- 
cury surface. The pressure of a liquid upon i sq. cm. is 
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Fig. 21 a. 
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hpy and since the height of the mercury in the tube above 
b is 76 cm. and the density of mercury is 13.6 gm. per cc, 
the pressure of the atmosphere on i sq. cm. at a equals 76 
X 13.6= 1033.6 gm. 

Converting centimeters into inches and grams per cubic 
centimeter into pounds per cubic inch, 

I in. = 2.54 cm., I cu. in. = (2.54)^ = 16 386 cc, i lb. = 453. 6 gm. 

76 
76 cm. = —^=29.92 m. 

13. 6gm. per cc. = ^' x 16.386 = .491 lb. per cu. in. 

Therefore the atmospheric pressure on i sq. in. 
= 29.92 X .491 = 14.69 lb. This is usually stated 
in whole numbers, as 1 5 lb. per sq. in. 

A mercurial barometer mounted for actual use 
is shown in Fig. 2\b, The directions for reading 
sdch an instrument are given in the appendix, 

§ 451. 

Since the mean barometric height at sea level 
is 76 cm., or, as usually given, 760 mm., the ba- 
rometer tube must be at least that long, and should 
be a little longer to allow for any increase above 
normal pressure. The space above the mercury 
column in the tube, containing nothing except 
possibly a small amount of mercury vapor, is 
known as the Torricellian Vacuum, named from 
an Italian, Torricelli, a pjipil of Galileo, who first 
measured the air pressure by this method in 1643. 

71. Aneroid Barometer. — An aneroid barome- 
ter (Fig. 22) consists essentially of a thin metal 
box partially exhausted of air. The cover of this fig. 21 b. 
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box moves in and out, like the chest in breathing, as the 
pressure of the atmosphere upon it varies. This slight 
motion of the cover, multiplied by a system of levers, is 
shown by an index moving over a scale which is cali- 
brated by comparison with a standard mercurial barometer. 

72. The Barometer and Weather Changes. — The changes 
in the height of the barometer with a change in the 

weather depends, as stated, 
to some degree upon the 
change in the density of 
the atmosphere due to a 
variation in the quantity of 
water vapor present; but 
these changes in the ba- 
rometer depend, to a very 
large extent, upon the cy- 
clonic whirls in the atmos- 
phere common to all the 
general storms, which, so 
far as the United States 
is concerned, usually origi- 
nate either somewhere northwest of Puget Sound or in the 
Gulf of Mexico. These whirls have a general easterly course, 
and the pressure at any place varies as these atmospheric 
whirls pass over it. Each whirl piles up the atmosphere 
on the outside of it, forming there a ridge of high pres- 
sure and producing a region of low pressure in the center. 
The height of the barometer does not indicate any par- 
ticular kind of weather ; but the change in the height, the 
direction of the change, and the rate of change indicate 
the characteristics of the change in the weather. A rapidly 
falling barometer foretells a sudden violent storm. A grad- 
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ually falling barometer foretells a more moderate storm 
and one of longer duration. On the other hand a rising 
barometer foretells clearing weather in a corresponding 
manner. 

73. Barometric Height as a Measure of Altitude. — From 
the table of altitudes and corresponding atmospheric pres- 
sures given in § 68 a rule may be derived for a rough esti- 
mate of altitude by means of a barometer. 

In the first mile and a half (8200 ft.) above the earth's 
surface the pressure changes 195 mm., or 'J,^ in., which 
indicates a fall of the barometer of about i in. for each 
1000 ft. of ascent within this distance. However, in the 
first 1000 ft. the barometer falls a little more than i in., 
in the last 1000 ft. of the Scxx) ft. of ascent it falls a little 
less than i in. 

74. Gas Pressure due to Molecular Motion. — The second 
cause of gas pressure arises from the fact that the mole- 
cules of a body of gas are moving with great velocities, 
and if the gas is confined in a vessel, the impact of these 
moving molecules against the walls of the vessel creates 
a pressure which represents the tendency of the gas to 
expand. 

The pressure which a given mass of gas will exert from 
this cause varies with the space the gas is compelled to 
occupy. For, as the volume of the gas is diminished, the 
number of impacts of the molecules in the same time upon 
I sq. cm. of surface increases. 

If in a bent tube (Fig. 23), having the end of one arm 
closed, a certain mass of some gas is confined by pouring 
in suflRcient mercury to fill the bend of the tube, and if the 
liquid surfaces, a^ and b^, are at the same level, the pressure 
which the confined gas exerts upon surface a equals the 
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16. 



pressure upon surface ^, which in this case is the atmos- 
pheric pressure. 

If now more mercury is poured into the open arm, the 

liquid surface, a^, will be 
raised, causing the gas to oc- 
cupy less space, the jnercury 
surface, 62* will also be raised, 
and will be higher than sur- 
face a^t which fact indicates 
that the pressure of the con- 
fined gas upon surface o^j is 
more than the pressure of the 
atmosphere upon surface d^ 
by as much as the pressure of 
the mercury column A above 
the level of ^g- 

When the volume of the 
confined gas is dia^, the pres- 
sure is equal to one atmosphere ; 
when the volume of the con- 
fined gas has been decreased 
the pressure is increased to one atmosphere plus the 
pressure of h. 



Fig. 23. 



to ^2^2» 



75. Boyle^s Law. — The first experimental results, show- 
ing the change in pressure accompanying a change in the 
volume of a gas, were furnished by an Englishman, Robert 
Boyle, in 1662, who used a tube similar to that shown in 
the accompanying diagram, and mercury as the liquid. The 
following table is taken from the report of Boyle, entitled 
" Defence of the Doctrine touching the Spring and Weight 
of the Air." 
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C. — The height of a Mercurial 
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Z?.— The Aggregate of the 
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ciprocal proportion. 



The above results indicate that it is very approximately, 
if not absolutely, true that the pressure of a gas of con- 
stant mass and temperature is inversely proportional to 
the volume it is compelled to occupy. For the first vol- 
ume 12 cc. : the 13th volume 6 cc. = the 13th pressure 
58^1 in. : the first pressure 2^^ in. The products, V^Pi 
(349^) and Vi^Pi^ (3S2f), are equal within i ^. These 
results of Boyle are interesting, not because of their ac- 
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curacy, for they are not as accurate as many a modern 
schoolboy is able to obtain, but solely from a historical 
point of view, since they are the results upon which was 
based the relation known as Boyle's law : — 

The volume of a given mass of gas at a constant tempera- 
ture varies inversely as the pressure exerted upon it, 

76. Limitations of Boyle's Law. ^- The pressure of an 
easily liquefied gas, calculated by using Boyle's law, for a 
given change in volume deviates somewhat from the true 
pressure, and the deviation increases as that pressure is 
approached at which, for the given temperature, the gas 
changes to liquid. 

77. Open Tube Manometer. — Appliances for measure- 
ments of pressure, especially gas pressure, are called 

manometers. If the pressure 
to be measured is a low one, 
such as the pressure in the il- 
luminating gas pipes, an open 
tube manometer, shown in Fig. 24, 
may be used. The pressure of 
the gas, i.e, its excess of pressure 
above atmospheric pressure, upon 
the liquid surface a equals the pressure of the column h 
of the liquid, or the difference in the level of c and a, 

78. Pressure of Compressed Air. — It is, of course, evi- 
dent that if the volume a gas can occupy is kept constant 
and additional quantities of gas are pumped into this space, 
the pressure will increase proportionally. 

Eor example, if into a space occupied by 10 gm. of air under atmos- 
pheric pressure 10 gm. more air are pumped, the pressure becomes 2 
atmospheres, and if 90 gm. of additional air are pumped into the space, 
the pressure becomes 10 atmospheres or approximately 150 lb. to the » 
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square inch. It is in this manner that reservoirs of compressed air are 
obtained to which are connected the drills, hammers, and similar tools 
whose motive power is compressed air. 

79. Closed Tube Manometer. — To measure such large 
gas pressures a closed tube ma- 
nometer, shown in Fig. 25, may 
be employed. Air is confined 
in the closed arm by the mer- 
cury or other liquid which fills 
the bend of the tube. The 
closed tube is graduated to 
enable the pressures to be read 

directly from the volumes of this confined air which varies 
inversely as the pressure upon it. 

80. Exhausting Air Pump. — This pump, shown in Fig. 
26, removes air from within a receiver J?, by means of a 
reciprocating, i,e, up and down or back atid forth, motion 

of a tightly fitting piston in the pump cylinder, 
aided by the action of three valves, V^, 
V2, and f^, placed at the opening of 
the pipe » leading into the cylinder, in the 
opening through the pis- 
/^ \ ton, and in the top of 
the cylinder respectively. 
A valve is defined as a 
lid, cover, ball, disk, plug, 
or plate, lifting, oscillat- 
ing, rotating, or sliding 
in connection with a port 
or aperture, so as to per- 
mit or prevent the passage of a fluid through the port 
which it guards. 
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Suppose all the valves to be closed ; then if the piston is 
raised, the volume of the air in A is increased and the air 
pressure in that portion is proportionally decreased, there- 
fore the greater air pressure in R and the connecting tube 
T opens valve V^ and the air expanding rushes into A 
until the pressures are equalized. Meanwhile the air in 
portion B being compressed keeps valve V^ tightly closed 
but opens valve V^ and this air is forced out of the cylinder 
through Fg. When the piston is lowered, the air in A is 
compressed and the pressure in B is reduced so that valves 
Vi and V^ are held tightly shut, but valve V^ is opened 
and the air in A is forced by the moving piston into portion 
B of the cylinder. Upon the next upstroke of the piston 
this air in B is forced out of the cylinder through valve V^ 
and upon the opening of V^ air from R again rushes into 
portion A of the cylinder. Thus at each successive upstroke 
of the piston some air is removed from R until the pressure 
of the remaining air is so diminished that it is unable to lift 
valve Fj. 

81. Compressing Air Pump. — This pump, shown in 
Fig. 27, differs from the exhausting pump in two respects : 
(i) in the direction in which the valves move to open or 
close the ports which they guard and (2) in the absence of 
a valve in the upper port i. By the reciprocating motion 
of the piston additional quantities of air are forced into the 
reservoir R which thereby becomes a reservoir of com- 
pressed air. 

Suppose both valves are closed and that the piston is 
drawn outward; owing to the reduced pressure in A, valve 
Vi is closed and V^ opened and the air in B rushes 
into A. When the piston is pushed inward, valve V^ is 
closed, the air in A is compressed, V^ is opened, and 
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the air in A is 
forced by the mov- 
ing piston into 
the reservoir R. 
This operation 
repeated at each 
successive stroke 
forces each time 
into R the quan- 
tity of air which the pump cylinder contains under atmos- 
pheric pressure. 



Fig. 27, 
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82. Lift Pump for Liquids. — In this pump, shown in Fig. 
28, the position and movement of valves 
Fi and F^ are the same as in the ex- 
hausting air pump. By the reciprocat- 
ing motion of the piston, aided by the 
atmospheric pressure upon the surface 
of the liquid in the reservoir R, liquid 
is raised from the reservoir R to the 
level of the spout JV. 

Suppose both valves are closed and 
that the piston is raised ; owing to the 
reduction of the pressure of the air in 
Af valve Fj is opened, valve V^ is 
closed, and some of the liquid in R is 
forced by the atmospheric pressure on 
its surface into the cylinder until the 
air pressure in A plus the pressure of 
the raised liquid equals the atmospheric pressure. When 
the piston is lowered, valve Vi is forced shut, valve f^ is 
opened, and the air and water in A is forced by the mov- 
ing piston into portion B of the cylinder. When the piston 



Fig. 28. 



52 



PHYSICS 



is again raised, the water in B is lifted to the level of 
the spout N, where It 'flows out; meanwhile water is again 
forced into A by the pressure of the atmosphere upon 
the liquid in the reservoir. 

It is evident that if the height of valve V^ at its lowest posi- 
tion above the level of the liquid in the reservoir R is greater 
than the height of the column of this liquid the atmosphere 
can support, no liquid will come into that port of the cyl- 
inder above the pis- 
ton and consequently 
none will be lifted to 
the spout even if the 
piston and valves are 
air tight. 



83. Force Pump for 
Liquids. — By this 
pump (Fig. 29) liquids 
can be raised from 
the reservoir R into 
the pump cylinder A 
and from there forced 
into the air dome D 
and out through the 
outlet N, The liquid 
by the atmospheric 




Fig. 29. 



is raised into the pump cylinder 
pressure on the surface of the liquid in the reservoir 
R when the air pressure in A is reduced by the raising 
of the piston. When the piston is lowered, valve V^ is 
closed, valve V^ is opened, and the liquid is forced into the 
air dome D from which some is forced through the out- 
let N, The outlet is of smaller diameter than the pipe 
supplying liquid to the air dome D\ hence during the 
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downstroke of the piston liquid is supplied to the air dome 
faster than it can be forced through .the outlet, and the 
air in the dome is compressed by this accumulating liquid. 
While the piston is again being raised and more liquid is 
lifted by atmospheric pressure into the pump cylinder, the 
air in dome D expands and forces the liquid in it through 
the outlet. Thus by means of this air dome a continual 
stream of liquid is delivered at the outlet. 



84. The Siphon. — An inverted U-tube filled with a 
liquid and having one end immersed in a vessel of the 
liquid and the other end either open to the air, or else 
immersed in another vessel of the liquid the surface of 
which is at a lower level than 
that of the first, constitutes a 
siphon. 

Such a tube is shown in 
Fig. 30. The lengths of the 
two arms of a siphon are the 
vertical distances^ k and /, 
from the highest point in the 
bend of the tube down to the 
liquid surfaces respectively 
(or down to the end of the 
tube, Cy if that end is open to 
the air). Careful distinction 
must be made between the 
length of an arm of a siphon and the length of the tube. 

The liquid flows from vessel M\,o vessel TV at a gradually 
decreasing rate, the flow ceasing altogether when the liquid 
surfaces in the two vessels reach the same level. 

The force acting upon the liquid in the siphon tending 
to move it toward N is the atmospheric pressure minus the 
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pressure of the liquid column in arm ab^ while the force 
tending to move the liquid in the siphon toward M is the 
atmospheric pressure minus the pressure of the liquid 
column in arm ac. Since the atmospheric pressure is the 
same on both sides, the force tending to move the liquid 
toward N\& greater than that tending to move it toward M 
by an amount equal to the difference of the pressures of 
the two liquid columns, which equals the pressure of a 
liquid column whose length is h. The value of h may be 
determined from the levels of the two liquid surfaces, or 
from the length of the siphon arms, being the difference 
in either cas^. As the flow continues this difference 
decreases and when it reaches a zero value, the flow ceases 
because the forces acting are then in equilibrium. 

It is evident that the length, k, of arm ab cannot be 
longer than the height of a column of liquid which the 
atmospheric pressure can support, t,e, k must not be more 
than 30 in. for mercury, or more than 30 in. x 13.6 = 
408 in. = 34 ft. for water. 

v PROBLEMS 

1. What is the pressure of the atmosphere per square centimeter 
when the height of the mercurial barometer is 750 mm., the density of 
mercury being 13.6 gm. per cc. ? Ans, 1020 gm. 

2. What is the height of a water barometer at the place where the 
mercurial barometer reading is 30.2 in. ? Ans, 410.72 in. 

3. What would be the height of the atmosphere, considered of 
uniform density, when the mercurial barometer stands at 760 mm., the 
density of air being .001293 gm. per cc? Ans, 7993.8 m. 

4. {a) If in place of the layer of atmosphere upon the surfece 
of the earth a layer of water was substituted, what should be its 
depth in order to give the same pressure? {b) If a layer of mercury 
was substituted, what should be its depth ? (Assume normal atmos- 
pheric pressure.) 
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5. A certain mass of air in the closed arm of a Boyle's law tube has 
a volume of 20 cc. when the mercury surface in the open arm is 190 mm. 
higher than that in the closed arm. What will be the volume of this 
air when the tube is adjusted so the mercury surface in the closed arm 
is 190 mm. higher than* that in the open arm, the barometer reading 
being 760 mm. ? Ans. 33J cc. 

6. Why is air near the sea level denser than air on the top of a high 
mountain ? 

7. 30 cc. of air is confined in the closed arm of a Boyle's law tube. 
Mercury is poured into the open arm until its level is 11 40 mm. above 
that in the closed arm. What is the volume of the confined air, the 
barometer reading being 760 mm.? Ans. 12 cc. 

8. A gas cylinder having a cross section of i sq. ft. and a height of 
4 ft. is filled with oxygen at a pressure of 225 lb. per sq. in. How 
many cubic feet of oxygen under normal atmospheric pressure are in 
the cylinder ? Ans, 60 cu. ft. 

9. The volume of a certain mass of hydrogen is 250 cc. under a 
pressure of 800 mm. of mercury. What is its volume under standard 
pressure, 760 mm.? Ans, 263.16 cc. 

10. A bicycle pump cylinder is 30 cm. long. If the tube leading 
from the lower end is kept closed, what force is needed to push the 
piston whose area is 5 sq. cm. from the top of the cylinder to 10 cm. 
from its lower end, neglecting friction ? Assume the atmospheric pres- 
sure to be I kgm. per sq. cm. Ans, 10 kgm. 

1 1 . When the height of a mercurial barometer is 30 in., what is the 
greatest height of the piston valve at its lowest position of a perfect lift 
pump above the water level in the cistern in order that water may be 
pumped into the cylinder ? Ans. 34 ft. 

12. When the mercurial barometer is 760 mm., what is the greatest 
possible length of the short arm of a siphon for sulphuric acid (sp. gr. 
1.84)? Ans, 5.617 m. 



CHAPTER IV 
STATICS OF SOLIDS 

85. Graphical Representation of a Force. — In the study 
of the conditions of equilibrium of solids under the action 
of forces it is often convenient to make diagrams repre- 
senting these conditions. In order to completely describe 
a given force the three elements of a force must be known : 
(i) its point of application, (2) its direction, (3) its magni- 
tude. In Physics, the magnitude of a quantity is its value 
expressed in units of that quantity. 

Since a straight line has three similar elements any 
force may be represented by a straight line as follows : (i) 
the point of application of the force by the origin of the 
line, (2) the direction of the force by the direction of the 
line which for convenience is called the line of action of 
the force, and (3) the magnitude of the force by the length 
of the line drawn to a scale. The point of application of a 
force may be transferred along its line of action without 
changing the effect of the force, consequently the origin 
of the line drawn to represent a force may be any point 
in its line of action. 

86. General Conditions of Equilibrium. — In order that 
a solid may be at rest two motions must be prevented, viz, 
translatory and rotary. Translatory motion is motion in 
which all the parts of a body move in straight lines par- 
allel to one another (Fig. 31). Rotary motion is motion in 
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which the parts of a body move in circular paths about 
some stationary point (Pig. 32). 



Fig. 31. 
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Fig. 32. 



87. Simplest Case of Equilibrium. — To produce equilib- 
rium there must be at least two forces acting upon the 
body. The conditions for equilibrium of two forces are : 
.(i) the two forces must be equal in magnitude^ (2) they must 
act in opposite directions^ (3) they must act in the same 
straight line. 

In Fig. 33 it is evident that if forces A and B are of 
equal magnitudes and act in opposite directions, the body 
M cannot have a translatory motion. 



Fig. 33. 



FIG. 34. 



In Fig. 34 it is evident that if the forces A and B are 
equal and act in opposite directions, the body M cannot 
have translatory motion ; but since they do not act in the 
same straight line, the two forces will rotate the body 
about the point midway between x and 7, the points of 
application of the forces. 

88. Mechanical Couple. — Two equal and opposite par- 
allel forces not in the same straight line constitute what 
is known as a mechanical couple and their joint effect 
always is rotation. 
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89. Resultant; Equilibrant. — A resultant is a single force 
which if substituted for two or rtiore forces produces the 

same effect as the forces acting jointly. 
An equilibrant is a single force which 
when acting with other forces pro- 
duces equilibrium. 

The resultant of a number of forces 
is equal in magnitude to the equi- 
librant of those forces, acts in the 
same straight line as the equilibrant 
but in the opposite direction. 
For example, the equilibrant of forces ^ and B (Fig. 35). 
is the force C since the body M is assumed to be at rest 
while under the action of these three forces. The result- 
ant of forces A and B is represented by the dotted line R, 
since it would have their joint effect, viz, to produce equi- 
librium with force C, the force R being equal to force C, 
and acting in the same straight line but in the opposite 
direction. 

90. Conditions of No Translation by Three Parallel Forces. 

— If a body is acted upon by three parallel forces, in order 
that there shall be no translatory mo- 
tion two of the forces must act in the 
same direction, and the third in the 
opposite direction, and the sum of the 
two forces in the same direction must 
equal the third opposing force. 

If the three parallel forces A, B, 
and C, shown in Fig. 36, are in equi- 
librium, the entire translatory effect 
of A and B is directly opposed to that of force C, and the 
sum of the effects of A and B equals that of force C, 
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91. Rotating Effect of a Force. — The tendency of a force 
to produce rotation depends upon two conditions: (i) the 
magnitude of the force, and (2) its point of application 
with reference to the axis of rotation. 

That the point of application of the force is important may- 
be shown by trying to swing an open door by pushing first 
at the hinge edge, then at the middle, and finally at the 
outer edge. In the first case it is impossible to produce 
any motion ; and the effectiveness of the force to produce 
rotation increases as the distance from the hinge edge 
increases. 

92. Moment of a Force. — The moment of a force is its 
effectiveness in producing rotation and its value is the prod- 
uct of the magnitude of the force and the perpendicular 
distance from the axis to the line of action of the force. 

A moment is considered positive ( + ) when the tendency 

is to produce clockwise rotation ( \ and negative ( — ) 
when the rotary tendency is counter clockwise (| j- 

93. Conditions of No Rotation by Three Parallel Forces. 

— To determine the conditions under which three forces, 

as A, B, and C(Fig. 37), will produce 

no rotation, let / be the axis and k, /, 

m, the points of application of the 

forces respectively. Force A has a 

tendency to rotate the body counter 

clockwise, i.e, in a negative direction 

about /, the value of its moment being 

Fig. 37. 

A X If The force C has no moment 
about /, for its distance from / is zero ; .*. C x o = o. The 
moment of force B about / is clockwise, i.e. in a positive 
direction, and its value is ^ x el 




6o PHYSICS 

If the body is to have no rotation, the negative moment of 
A must equal the positive moment of B, i.e. A x //= B x ely 
hence A:B = el:fL 

Therefore to prevent rotation about the point of appKca- 
tion of force C, the magnitude of the forces A and B must 
be inversely proportional to their respective distances, fl 
and el, from that point. 

If the assumed axis passes through m, the point of 
application of force B, the moment of force A about m is 
negative and equal to A x ntn ; the moment of force C 
about m is positive and equal to C x mp ; the moment of 
force B about m is zero. To prevent the rotation of the 
body about this axis the negative moment of B must equal 
the positive moment of C, or 

A X mn = C X mp ; 
hence 

A\C = mP', mn. 

Therefore, to prevent rotation about the point of applica- 
tion of force B the magnitude of forces A and C must be 
inversely proportional to their respective distances, mn and 
mp, from this point. 

Again, by assuming k, the point of application of force 
A, to be the axis, it may be shown in a like manner that to 
prevent rotation the magnitude of forces B and C must be 
inversely proportional to their respective distances, mn and 
pn, from this point. 

From this it follows that when three parallel forces are 
in equilibriumj any two of the forces are inversely propor- 
tional to their respective distances from the point of applica- 
tion of the third force, 

94. Point of Application of the Opposing Force. — It is 

evident also that the point of application of force C must 
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lie somewhere between the points of application of forces 
A and B\ for if, as shown in Fig. 38, force C were not so 
applied, forces A and B might pro- 
duce rotation about some point be- 
tween / and k, since the moment of 
each force about such a point is in 
that case positive, and there being no 
moment in a contrary direction, rota- 
tion must ensue. 

Fig. 38. 

95. Conditions of Equilibrium of 

Three Parallel- Forces. — Summarizing the conditions of 
equilibrium of three parallel forces : — 

1. Two of the forces must act in the same direction and 
the third in the opposite direction. 

2. The point of application of the opposing forge must 
* lie between the points of application of the two forces act- 
ing in the same direction. 

3. The sum of the magnitudes of the two forces acting 
in the same direction equals the magnitude of the opposing 
force. 

4. The magnitudes of any two of the three forces are 
inversely proportional to their respective distances from 
the point of application of the third force. 

96. Equilibrium of a Weightless Lever, -r A lever is a 
rigid bar supported on a line or axis, 



X- 



n f m 



-2sr 



-r called the fulcrum, about which it 
^^F can rotate. 

Suppose the rod, ^F(Fig. 39), to 

have no weight, and to be supported 

pjq at /in such a way that it can rotate 

freely about/ as an axis. If the forces 

/% called the effort , and R, called the resistance, act, as 
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shown, upon this lever at the points m and «, the condi- 
tions of equilibrium of three parallel forces are repre- 
sented ; for there will be a force at the fulcrum / upward, 
and equal to the sum of F and R, Also, to prevent rota- 
tion, the • distances mf and nf (called the arms of the 
lever) are inversely proportional to the forces F and R^ or 
F:R = «/"(the arm oi R): tnf (the arm of F\ 

Suppose the fuicrum,/, of the weightless lever, XY^ to be 
near one end of the lever, and the two forces, F and R, to 
act upon it, as shown in Fig. 40; the 
conditions of equilibrium of three 
ri parallel forces are again represented. 
T The force at the fulcrum is downward, 
corresponding to R^ and the sum of 
R and the force at the fulcrum is 
equal to F, Also, to prevent rotation, F x ^/= R xnf, or 
F\ R = nf (the arm of R) : mf (the arm of F). 

Levers are sometimes divided into three classes : (i) with 
the fulcrum between F and R^ (2) with R between /^and 
the fulcrum, (3) with /^between R and the fulcrum. 

There is no difference in the apphcation of these funda- 
mental principles to each class of lever. It must be borne 
in mind, however, that the arm of a force, or, as it is some- 
times called, its leverage^ is always 
the distance from that force to the 
fulcrum. 



Fig. 40. 
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97. Equilibrium of Any Number of 
Parallel Forces. — In Fig. 41, let A, 
B, C, D, and E be five parallel forces 
acting upon the body M, To pre- ^'^' ^^' 

vent translation, at least one of the forces must act in a 
direction opposing the others, and, also, the sum of the 
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forces in one direction must equal the sum of the forces in 
the opposite direction. 

Forex2imp\e,A-^B-\-C=D-\-E,orA-\-B-\-C-D-£=o. One direc- 
tion may arbitrarily be chosen as positive ( + ) and the opposite as neg- 
ative ( — ) ; then the algebraic sum of all the forces is zero. 

To prevent rotation, the mqment of at least one of the 
forces about an axis through any point must be in the 
opposite direction to that of the moments of the other 
forces, or, in other words, some of the moments must be 
positive and some negative^ and the . algebraic sum of all 
these moments about the chosen axis must equal zero. 

If, for example, the chosen axis passes through w, the moments 
{A X pw) - (Z? X ow) + (^ X nw) -I- ( C x mw) ■^(Exo) = o. 

98. The Weight of a Body. —Thus far in discussing the 
action of forces upon solids it has been assumed for the 
sake of simplicity that the bodies had no weight. This of 
course is not true, scr that this factor must now be consid- 
ered in the conditions of equilibrium. 

Since every particle of matter in a body is attracted by 
the earth, there will be as many gravitation forces acting 
upon the body as there are particles in it, and since the 
lines of action of these forces meet only at the center of 
the earth, 4000 miles away, they may be considered as 
practically parallel. 

By the term weight of a body is meant a single force equal 
to the sum of the weights of all the particles of the body ; or, 
in other words, the weight of a body is the resultant of the 
weights of all its particles, 

99. Point at which the Weight of a Body Acts. — To 
find where this single force, called the weight of a body, 
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Fig. 42. 



must be considered as acting, let the body M (Fig. 42) be 
supported at the point by the force E ; it will come to 
rest in a certain position with the line of action of force E 
vertical, because there are here but two 
forces, viz.: the supporting force E and 
the weight of the body M acting verti- 
cally downward, and the body is at rest ; 
therefore by the conditions of equilibrium 
of two forces, the weight of the body 
equals force £", acts opposite to force E 
and in the same straight line. A verti- 
cal line drawn through point will there- 
fore pass through the point at which the 
weight of the body acts. 

Again, let the body be supported at some other point, /, 
(Fig. 43), when for the same reason, the point at which the 
weight of the body acts lies somewhere 
in the vertical line drawn through 
the point /. Since this point lies ia 
both lines, it must be at their inter- 
section. 

The point at which the weight of a 
body acts is called its center of grav- 
ity ; and from the above statements it is evident that if 
a body is supported at one point, its center of gravity lies 
somewhere in the vertical line passing through the point 
of support. 




Fig. 43. 



100. Center of Gravity of a Body. — Suppose a body (Fig. 44) is 
made up of three masses, 2 gm., 3 gm., and 5 gm., respectively, joined 
together by a weightless rod, the distances between their centers being 
3 cm. and 4 cm.,' respectively, as indicated, the center of gravity of the 
body may be found as follows : — 

The weight of the body is 10 gm (2 + 3+5). To produce equilib- 
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2gm8. 



3gmB. 



6gni8. 



rium the equilibrant E must equal 10 gm. and be applied at such a 
point c that the moment of E about any axis equals the sum of the mo- 
ments of the 2 gm., 3 gm., and 5 gm. about the same axis. 

Suppose the assumed axis is at (? ; then the moment of the weight 
of the 2 gm. about o is zero, the moment of the weight of the 3 gm. 
about <7 = 3 X 3 = -I- 9, the mo- 
ment of the weight of the 5 gm. 
about ^ = 5 X 7 = + 35. The 
sum of the moments of the 
weights 2 gm., 3 gm., and 5 gm. 
is -I- 44 ; therefore the moment of 
E must be — 44. Since £" is 10 
gm., its distance from o — 4.4 cm. 
The center of gravity is therefore 
the point c which is 4.4 cm. from 
^ or 1.4 cm. from/. -iff 
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Fig. 44. 



The center of gravity of 
a body is therefore the 
point at which the single 
force, called the weight of 
the body, acts, which force equals the sum of the weights 
of the parts of the body, and this point is so located that 
the weight of the body has the same moment about any 
axis as the sum of the moments of the weights of the parts 
of the body about the same axis. 

101. States of Equilibrium. — According to the way a 

body behaves when dis- 
turbed from a state of rest, 
its state of equilibrium is 
stable, unstable, or neutral. 

Suppose that a body 

whose center of gravity is 

point C (Fig. 45 a) is sup- 

FiG. 45. ^ ported at point s ; it will be 
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at rest when C is vertically beneath s. If now (Fig. 45 b) 
the lower end of the body is drawn to one side, the center 
of gravity is raised and the weight of the body acting at C 
will have a moment about s tending to bring it back to 
its original position of rest ; so that when the lower end of 
the body is released, it swings back and forth, finally 
coming to rest in the original position with C directly 
below s. This state of equilibrium is called stable. 

If, however, as shown in Fig. 46 a, the body is supported 
at //, it may be at rest when C is vertically above u. If, as 

shown in Fig. 46 b, the upper 
part of the body is drawn 
a little to one side, the cen- 
ter of gravity is lowered and 
the weight of the body act- 
ing at C will have a moment 
about u tending to pull the 
Fig. 46. body still farther from its 

original position of rest ; so 
that when released, the body swings farther away, finally 
coming to rest in a stable position. The state of equi- 
librium is called unstable when the body on being dis- 
turbed has its center of gravity lowered. 

If, again, the body is supported at C, it will remain at 
rest in whatever position it is placed ; for the weight act- 
ing at C has no moment about C. This state of equilibrium 
in which a disturbance neither raises nor lowers the center 
of gravity is called neutral. 





102. Sensitiveness of a Beam Balance. —A beam balance 
is a lever xfy (Fig. 47) with scale pans resting upon it at 
points X and jv, the fulcrum of the lever being the knife 
edge at /. The center of gravity, c, of the beam balance 
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is a short distance below the point of support /; conse- 
quently- the balance is in stable equilibrium. Since c is 
near /, when the balance swings, 
the moment of the weight of the 
balance is very 
small ; hence a 
very small mass 
placed in either 
scale pan will dis- 
place the lever 
from its position 
of equilibrium. 
This distance of c 

from/determines fig. 47. 

the sensitiveness of the balance. 
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103. Parallelogram of Forces. — Suppose a body M 

(Fig. 48) is acted upon by three concurrent forces A^ By 

y>^ and Cy whose lines of action meet at a 

point 0\ to show the condition under 

\ which the body will remain at rest in 

this case, represent each force by drawing 

I from point O a straight line whose direc- 

j tion is that of the force, the length of the 

line representing the magnitude of the 

force to any convenient scale. 

If on any two of these lines as adjacent 
sides a parallelogram is constructed and 
the diagonal which passes through the 
point O is drawn, it will be found that 
this diagonal is of the same length as the line representing 
the third force and lies in the same straight line. 




Fig. 48. 
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104. Triangle of Forces. — To understand why the above 
relation exists, suppose a body at A (Fig. 49) to be acted 
upon by a force of 5 units sufficient to move it to ^ in a 
certain time ; if then a force of 4 units acts upon it sufficient 
to move it to C in an equal time ; if, finally, 
a force of 8 units acts upon the body suffi- 
cient to move it from C to ^ in a time equal 
to that of each of the two previous motions ; 
the body will then have returned to its 
starting point. 

If these three forces act upon the body 
simultaneously, the body remains at rest 
because the result of the successive action 
,of the forces is to bring the body back to the starting 
point, and therefore the result of their simultaneous action 
is to keep it at this point. It follows, then, that // t/iree 
forces can be represented by the three sides of a triangle^ 
taken in order ^ the forces are in equilibrium. 




Fig. 49. 



105. Equivalence of these Two Principles. — This princi- 
ple of the triangle of forces and the principle of the paral- 
lelogram of forces are equivalent. 

For, if from point A, Fig. 50, a line 
is drawn parallel and equal to BC^ and 
the parallelogram is completed by 
drawing DC, and if from A the line 
AE\% drawn equal to CA and in the 
same direction, then the lines ABy 
AD, and AE represent the forces 
ABy BCy and CA, respectively, and / 
the diagonal ^C of the parallelogram ^^ 
constructed upon AB and AD as adjacent sides is equal 
to the third force AE, and lies in the same straight line. 




/8 



Fig. 50. 
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106. Resultant of Two Concurrent Forces. — It follows, 
then, that the resultant of two concurrent forces is equal to 
the diagonal of the parallelogram constructed upon these 

,two forces as adjacent sides, the diagonal being drawn 
through the point common to the two forces. 

The effect of the forces AB and AD\^\,o produce equi- 
librium with force AE \ but a single force, equal, opposite 
to, and in the same straight line as 
AE^ produces equilibrium with it, 
and the diagonal drawn through the 
common point represents such a 
force. 

107. Resolution and Composition of 
Forces. — It follows from the above that the 
force AD^ Fig. 51, may be the resultant of an 
indefinite number of pairs of ^ces, as AB^ Fig. 51. 
AC\ AE, AF\ or AG, AH, etc. ; for AD 

is the diagonal of the parallelogram A BCD, also of the parallelograms 
AEDF^n^AGDH, 




The process of finding the components to which a given 
force is equivalent is called the resolution of a force. The 
process of finding the resultant of several forces is called 
the composition of forces. 

108. Resolution along Rectangular Axes. — In resolving 
a force, or forces, it is convenient to select components act- 
ing at right angles to each other. 

The resultant of forces OA and OB (Fig. 52) may be 
found by resolving them into their components in the direc- 
tion of the rectangular axes XX^ and YY\ and then finding 
the resultant of these four components. The components 
of OA are OP along the axis of X, and OQ along the axis 
of F. The components of OB are OS along the axis of 
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X^ and (^T' along the axis of K Since both of the F com- 
ponents extend upward from (9, the 
Y component of the resultant of 
OA and OB equals OQ^-OT=^ 
0T\ Since the X components are 
in opposite directions from O, the 
X component of the resultant of 
OA and OB equals OP- OS = 
OS'. The resultant of OT' and 
OS', which is the resultant of OA 

and OB, equals y/'oT^'^ 4- OS^- 

Problem in Equilibrium of Three Concurrent Forces. — The beam AB 
(Fig. 53 tf) of a derrick is inclined at an angle of 30° with the vertical 
center post AC and a weight of 2 T. hangs from the upper end of the 
beam ; find the tension of the horizontal cable BC, 






Fig. 53 «. 

The three forces acting at B (Fig. 53^) are: (i) the suspended 
weight, 2 T., acting vertically downward; (2) the tension of the 
cable BCs pulling horizontally toward the left ; (3) the upward thrust 
of the beam AB represented by the line BP, The resultant of the 
tension of the cable BC and the thrust BP of the beam must equal 
B\y (2 T.) and lie in the same straight line. Therefore draw BR 
vertically upward equal to BIV (2 T.), and from R complete the 
parallelogram by drawing RS and RP parallel to BP and BC^ respec- 
tively. The line BS therefore represents the tension of the cable BC, 
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Since ^ CAB = 30°, ^ B/?S = 30° (sides are parallel). X J^BS is 
a rt. $:. .-. ^RSB = 60°. 

Therefore the line BS is one half of the line RS. 

But RS^=BS^ + BR^ 

BR = 2T.3LndRS=2BS 
4BS^ = BS^-^(2y 

3BS' = 4 
BS'= 1.333 
^6'=Vi.333 = i.i5 T. 
Note. — For other solutions of this problem, see appendix. 

PROBLEMS 

1 . Three parallel forces act upon a body and keep it at rest. Two 
of the forces pull east, the third pulls west. One of the east forces is 
5 kgm., the west force is 8 kgm. and is 12 cm. distant from the east 
force of 5 kgm. (a) What is the other east force ? and (d) how far 
apart are the two east forces? Ans. (a) 3 kgm. ; (d) 32 cm. 

2. A man carries a weight of 20 lb. on the end of a stick 3 ft. long 
placed over his shoulder; the other end of the stick he holds in his 
hand, (a) What is the pressure on his shoulder if the stick is placed 
so that the hand is 2 ft. from the shoulder? (d) What is the pressure 
on the shoulder if the stick is placed so that the hand is i ft. from 
the shoulder ? Neglect the weight of the stick. Ans. (a) 30 lb. ; 
(d) 60 lb. 

3. A shovel 4l ft. long is held horizontally by a man with his left 
hand at the end of the handle and his right hand 2^ ft. from the end of 
the handle. When a weight of 40 lb. is placed J ft. from the other end 
of the shovel, (a) what force does the left hand exert? (d) What force 
does the right hand exert? (c) In what direction is the force of the left 
hand? (df) In what direction is the force of the right hand ? Neglect 
the weight of the shovel. Ans. (a) 24 lb. ; (d) 64 lb. ; (c) down ; 
(^) up. 

4. A square top, A BCD, of a table, 3 ft. on a side, is supported by 
4 legs, one at each corner. When a weight of 50 lb. is placed on the 
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table at a point i ft. from each of the two adjacent sides at the comer B^ 
what part of the weight is borne by each leg ? Ans, A, ii J lb. or § ; 
B, 22f lb. or t; C, iij lb. or J; Z?, 55 lb. or f 

5. A wheelbarrow is 4 ft. long from the end of the handles to the 
axle of the wheel in front. When a weight of 150 lb. placed on the 
barrow i^ ft. from this axle is lifted by a force at the ends of the handles, 
what is the pressure of the wheel on the ground ? Neglect the weight 
of the barrow. Ans, 93! lb. » ' 

6. A weightless rod 70 cm. long rests on a fixed point 25 cm. from 
one end. To this end a weight of 2 kgm. is attached. What weight 
must be hung from the other end so that the rod may be horizontal ? 
Ans. I.I I kgm. 

7. Two parallel forces when acting at the ends .of a rod 75 cm. long 
have a resultant of 5 kgm. if they are acting in the same direction and 
one of I kgm. when acting in opposite directions. Find {a) the forces 
and (Jf) the points of application of their resultants. Ans, (a) 2 kgm. 
and 3 kgm. ; {b) (i) 45 cm. from the 2 kgm. force; (2) 225 cm. from 
the 2 kgm. force. 

8. Two parallel forces of 100 gm. and 120 gm. act in opposite 
directions 60 cm. apart. Find the magnitude and point of application 
of the force which will produce equilibrium. Ans, 20 gm. acting 
360 cm. from the 100 gm. force and 300 cm. from the 120 gm. force. 

9. A stiff pole 10 ft. long projects horizontally from a vertical wall. 
It would break if a weight of 30 lb. were hung at the outer end. How 
far out on the pole may a boy weighing no lb. venture with safety? 
Ans, 2.7 ft. 

10. A horse and a colt capable of pulling 800 lb. and 500 lb. respec- 
tively are harnessed to a wagon. If the horse is hitched to the cross 
bar at a point ij ft. from the tongue of the wagon, at what point should 
the colt be hitched in order that he may pull his share of the load ? 
Ans. 2 4 ft. from the tongue of the wagon. 

11. A bridge 40 ft. long is supported on stone abutments at its ends. 
The weight of the bridge, 20 T., may be considered as acting at its 
center. A horse and wagon weighing 2 T. is 18 ft. from one end of 
the bridge, and a man on horseback, joint weight | T., is 12 ft. from 
the other end of the bridge. What is the pressure on each abutment ? 
Ans. (I) iiiJT., (2) iiUT. 

12. A uniform board 8 ft. long and weighing 20 lb. rests on top of a 
wall 2 ft. thick so that 2 J ft. of 'the board overhangs on the near side of 
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the wall. If a boy weighing 60 lb. hangs on the near end of the board 
and a boy weighing 85 lb. hangs on the far end, {a) about which edge 
of the wall will the board turn? (d) How much more should the 
near boy weigh to prevent its turning ? Ans, (a) The farther edge. 
(6) 3i lb. 

13. A stick weighing 400 gm. is balanced at a point 15 cm. from one 
end when 200 gm. is hung at that end. Where is the center of gravity 
of the stick? Ans. 22.5 cm. from the one end. 

14. A stick 50 cm. long weighing 400 gm. balances at a point 20 cm. 
from one end. At what point will it balance if 100 gm. are placed at that 
end and 200 gm. at the other end ? Ans, 25.7 cm. from the 100 gm. 

15. A 3-part telescope is 15 cm. long when closed and 45 cm. long 
when drawn out. The weights of the parts, each considered uniform, 
are 100 gm., 75 gm., and 50 gm. respectively. Where is the center of 
gravity of the telescope when drawn out? Apis, 19.16 cm. from the 
larger end. 

16. A 50 cm. stick has a mass of 200 gm. hung from its 5 cm. mark. 
A fulcrum is under its 10 cm. mark and the stick is balanced, (a) If 
the stick is uniform, what is its weight ? (^) What is the pressure on 
the fulcrum ? Ans, (a) 66j gm. ; (d) 266J gm. 

17. A rod weighing 2 kgm. balances at a point 60 cm. from one end ; 
but if a body of unknown weight is hung at that end, the balancing point 
is 25 cm. from the end. What is the weight of the body ? Ans, i .43 kgm. 

18. A uniform rod 3ft. long weighing 4 lb. is fastened to the center 
of a uniform rod 2 ft. long weighing 3 lb. and at right angles to it. Find 
the center of gravity of the body. Ans, 10 J in. along the 3 ft. rod from 
the point of attachment. 

19. Find the center of gravity of a letter E made of wood, the prin- 
cipal pieces of which are of the same length and the central piece half 
that length. A/ts, ^ of the length of the central piece from its outer 
end. 

20. Two forces of 6 kgm. and 8 kgm. act upon a body at an angle 
of 90°; (a) what force will keep them in equilibrium? (d) In what 
direction must it act? Ans. (a) 10 lb.; (d) in the same line as the 
diagonal of the O constructed on the 6 and 8 lb. forces which passes 
through the common point but in the opposite direction ; or (b) at an 
angle of 127*^ with the 6 lb. force and 143° with the 8 lb. force. 

21. A person weighing 120 lb. sits in a hammock so that one rope 
{A) makes an angle of 30° with the vertical post to which it is tied and 
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the other rope (B) makes an angle of 60° with the vertical post to which 
it is tied. What is the pull on each rope? Ans, A, 103.9 lb. ; B, 60 lb. 

22. What is the component of a weight of 10 lb. placed on a plane 
inclined 60° to the horizon which is effective in moving the body along 
the plane? Ans. 8.66 lb. 

23. A picture weighing 25 lb. is hung by a cord passing over a nail, 
the two parts of the cord making an angle of 60° with each other. 
What is the tension of the cord ? Ans, 14.43 lb. 

24. The saddle of a bicycle is placed at the apex of two parts of the 
frame, making an angle of 60° with each. Considering these two parts 
of the frame to be of the same length, what is the thrust along each 
part of the frame when a person weighing 150 lb. sits on the saddle? 
Ans, 86.6 lb. 

25. A horizontal rod rests loosely at its inner end in a socket in the 
wall of a building and from the outer end hangs a weight of 40 lb. ; from 
this end also is run a wire which is fastened to the wall of the building 
at a point above the rod such that the wire makes an angle of 45° with 
the wall. What is the tension of the wire? Ans, 56.57 lb. 

26. A square space is inclosed by passing a rope around 4 posts 
at the corners ; the tension of the rope is 10 lb. What is the pressure 
the rope exerts on each post? Ans. 14.14 lb. 

27. A boat propelled by a force which would give it a velocity of 
10 ft. a sec. in still water moves directly across a river 1800 ft. wide, 
the river current being 2 ft. a sec. (a) Toward what point in the 
opposite shore is the boat headed ? {b) How long will it take the boat 
to cross the river? Ans, (a) Toward a point 367 ft. up the river fi-om 
the point directly opposite; {b) 3 min. 3.7 sec. 

28. During a rain in which the drops fall vertically a man standing 
on the front platform of a trolley car moving at the rate of 16 ft. per sec. 
finds that he must step back 2 ft. under the front end of the car roof 
which is 8 ft. above the platform, to avoid getting wet. What is the 
velocity of the raindrops ? Ans. 64 ft. per sec. 



CHAPTER V 
KINEMATICS 

109. Kinematics. — Kinematics is the name given to that 
portion of mechanics which treats of motion, leaving out 
of consideration, for the time being, the influence of the 
forces acting, or the mass of the body acted upon. 

110. Motion Relative. — Motion is change of position. 
To state the position of any point some other point must 
be taken as reference. Motion is therefore a relative term. 
A man seated in a moving train is not changing his posi- 
tion with reference to his fellow-passengers, and therefore 
with reference to them is not in motion ; but he is in motion 
with reference to objects outside of the train. 

To completely describe the motion of any body at a 
given instant of time both the rate and the direction of the 
motion must be stated. 

111. Velocity. — The rate of motion of a body is its 
velocity. The velocity of a body at any instant is the 
distance it would move during a unit of time if its rate 
of motion remained unchanged. 

The statement that the velocity of a bullet is 2000 ft. per sec. 
means, that if the bullet continued to move for i sec. at the rate at 
which it is moving at the given instant, it would traverse a distance 
of 2000 ft. The velocity of a train at a given instant may be 40 mi. 
per hr., and yet the train may be brought to rest within the next five 
minutes. 

75 
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112. Units of Velocity. — The C. G. S. unit of velocity is 
I cm. per sec. ; the F. P. S. unit of velocity is i ft. per sec. 

113. Uniform Motion. — The velocity of a body may be 
uniform or variable. If it is uniform, the body moves the 
same distance in each successive unit of time. 

For example, the velocity of a train after it has " resumed full speed " 
may be uniform for a considerable length of time, i,e, it may move the 
same distance (say 50 ft.) in each second. 

Let V be the velocity of a body ; /, the number of sec- 
onds the body is moving; then the distance s the body 
moves in this time with uniform velocity is expressed by 
the equation : — 

S = Vt. (I) 

114. Acceleration. — If the velocity of a body is variable, 
it moves unequal distances during successive seconds of 
its motion. The distance a body, having variable velocity, 
moves in each second is its average velocity for that second. 

Acceleration is the name given to the rate of change of 
velocity, i,e, the change per second oi the velocity. 

For example, if at the end of the third second qf its motion a body 
has a velocity of 15 cm. per sec, at the end of the fourth second its 
velocity is 20 cm. per sec, at the end of the fifth second is 25 cm. per 
sec, the change of velocity is 5 cm. per sec during each second, or the 
acceleration is 5 cm. per sec. per sec. 

115. Units of Acceleration. — The C. G. S. unit of acceler- 
ation is I cm. per sec. per sec. ; the F. P. S. unit is i ft. per 
sec. per sec. 

116. Uniformly Accelerated Motion. — If a body, starting 
from rest, has a uniform acceleration of a cm. per sec. per 
sec, its velocity at the end of the first second is (x cm. per 
sec. ; at the end of the second second the velocity is 2 ^ cm. 
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per sec. ; at the end of the third second the velocity is 3 ^^ 
cm. per sec. ; at the end of t sec. the velocity is at cm. per 
sec. Expressed in equational form : — 

V — at. (2) 

If the velocity at the end of the first second is a cm. 
per sec, and the body started from resty the average 

velocity during^ the first second is = - cm. per sec. 

Since the average velocity in the first second is - cm. 

per sec, the distance the body moves during the first sec- 

a 
ond is - cm. At the end of the first two seconds the 
2 

velocity has become 2 a cm. per sec The average ve- 
locity during these two seconds is = a cm. per sec 

A body moving for two seconds with an average velocity 

of a cm. per sec traverses a distance ^ x 2 = 2 ^ cm. At 

the end of the first three seconds the velocity has become 

3^ cm. per sec The average velocity during this period 

o 4- 3 ^ 3 ^ 
is = ^^— cm. per sec The distance the body has 

moved during the three seconds is then — x 3 = — cm. 

At the end of t seconds the velocity has become /a;/ cm. per 

sec. The average velocity during this period is = — 

cm. per sec The distance s the body has moved during 

the / seconds is then — x ^ = — cm. 

2 2 

Expressed in equational form : — 

s = \at\ (3) 
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From formula (3) it is evident that the distance traversed 
by a body, starting from rest and moving with uniform ac- 
celeration, is directly proportional to the square of the num- 
ber of seconds it is moving, and is equal to the product of 
the square of this time and the distance it moved from rest 
during the first second. 

Squaring equation (2), / = -, gives fi = -^, 
Substituting for /^ in equation (3), 

hence v^-2 as, (4) 

117. Motion with Initial Velocity. — If instead of start- 
ing from rest a body has impressed upon it at the start an 
initial velocity V^y as, for example, when a stone is thrown 
down from the top of a building, the velocity the body has 
after moving for t sec, with an acceleration of a cm. per. 
sec. per sec, is the sum of the initial and acquired veloc- 
ities, or 

v^V.^at, (5) 

The distance s the body will move is the sum of the dis- 
tance V^t it would move with the initial uniform velocity 
Vq and the distance \at^ it would move with the acceler- 
ated velocity given to it, or 

s = V^-\-\at^. (6) 

Eliminating t from equations (5) and (6), 

2/2=Fo2 + 2tfj. (7) 

If the direction of V^ is opposed to that of the accelera- 
tion, as, for instance, when a body is thrown upward^ the 
minus sign is substituted for the plus sign in formulae (5), 
(6), and (7). 
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118. Falling Bodies. — The most familiar example of 
uniformly accelerated motion is that of bodies falling 
under the action of gravity. The acceleration of a freely 
falling body is 980.26 cm. per sec. per sec, or 32.128 ft. per 
sec. per sec, in the latitude of New York. 

The approximate values, 980 and 32, are generally used. This value 
is commonly denoted by the small letter g, and formulae (2) to (7) 
inclusive may be written to apply directly to falling bodies by substitut- 
ing the letter g for «. 

^ . PROBLEMS 

1. If a body moves with a uniform velocity of 10 cm. per sec. for 20 
sec, how far will it have traveled? Ans. 200 cm. 

2. In what time will a train moving at a uniform rate of 20 mi. per 
hr. traverse a distance of \ mi.? Ans. ^q hr. (90 sec). 

3. With what uniform velocity will a body move 1800 ft. in 5 min.? 
Ans, 6 ft. per sec. 

4. While a train is moving at the rate of 30 mi. per hr. (44 ft. per 
sec), the brakes are put on, bringing the train to a full stop in 22 sec. 
{a) What is its average velocity during this time? {b) How far did 
the train move after the brakes were applied? (c) What was the 
acceleration of the train, considered uniform, in this period ? (d) What 
was the, velocity of the train 8 sec. after the brakes were applied? 
{e) In what time did the train move the first 100 ft. after the brakes 
were applied? (/) What was the velocity of the train after it had 
moved this 100 ft.? 

' {a) 22 ft. per sec. (15 mi. per {d) 28 ft. per sec (i9i^r 
hr.). mi. per hr.). 

Ans. \ (d) 484 ft. (e ) 2.4 sec 

(c) - 2 ft. per sec per sec (i ^ (/) 39.2 ft. per sec. 
mi. per hr. per sec). 

5. A baseball is thrown vertically upward with a velocity, as it leaves 
the hand, of 2940 cm. per sec (a) How long will it rise? (d) How 
high will it rise? (c) How long after it leaves the hand will it return 
to the starting point? (d) When will its velocity be 1000 cm. per sec? 
(^ = 980 cm. per sec. per sec.) 
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' (a) 3 sec. (^) 1.98 sec. after leaving hand 

Ans. (b) 4410 cm. and again 4.02 sec. after 

{c) 6 sec. leaving hand. 

6. A stone is dropped from a bridge 90 ft. above the river flowing 
under it. If g is 32 ft. per sec. per sec, {a) after what time will the 
stone strike the water? (J?) What is its velocity just as it strikes the 
water? (c) What is its velocity 2 sec. after it starts falling? 

Ans. \ (^^ ^'^7 sec. (c) 64 ft. per sec. 

^ W 75-5 ft. per sec. 

7. A body thrown downward with a velocity of 20 ft. per sec. from 
the top of a building reaches the ground in 2.5 sec. ; find the height of 
the building. Ans. i^oiX,. 

8. A package moving upward in an elevator at a uniform rate of 
10 ft. a sec. falls off and strikes the bottom of the elevator shaft 2 sec. 
later, (a) How far above the bottom of the shaft was it when it fell 
off the elevator? (b) How far above the bottom of the shaft was it 
\ sec. after falling off the elevator? Ans. {a) 44 ft. {b) 45 1 ft. 

9. A body starting from rest acquires in 5 sec, with a uniform 
acceleration, a velocity of 4900 cm. per sec. (a) What is its average 
velocity? (b) How fer did it move with this average velocity in the 
5 sec? Ans. {a) 2450 cm. per sec. (b) 12,250 cm. 

10. A body at a given instant was moving at the rate of 10 ft. a sec ; 
at the end of 5 sec. thereafter it* velocity was 18 ft. a sec Assuming 
the acceleration to be uniform, what was its velocity at the end of 
{a) 3 sec? {b) 10 sec? Ans. (a) 14.8 ft. per sec. {b) 26 ft. per sec. 

11. How long will it take a body, starting from rest, to fall 100 ft.? 
{b) What velocity will it have when it has fallen 100 ft.? Ans. (a) 2.5 
sec. (b) 80 ft. per sec 

12. A ball is thrown upward with a velocity of 60 ft. a sec. at an 
angle of 60° with the horizon, {a) How fast would the thrower have 
to run in order to catch the ball when it comes down ? (b) How for 
must he run? Ans. (a) 30 ft. a sec. (^b) 97.3 ft. 

13. A body, starting from rest, moves with an acceleration of 980 cm. 
per sec per sec (a) In what time will it have a velocity of 50 m. 
per sec? (b) How far has it moved while acquiring that veloc- 

'ity? Ans. (a) 5.1 sec (b) 127.55 m. 

14. A trolley car moving at the rate of 50 ft. per sec. has the brakes 
so applied as to give it a retardation of 2.5 ft. per sec per sec (a) In 
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what time will it come to rest? (Jf) How far will it move before stop- 
ping? Anf. {a) 20 sec. {b) 500 ft. 

15. A marble, starting from rest, rolls down a smooth incline a dis- 
tance of 300 ft. in half a minute, {a) What is the acceleration? 
(b) What is its final velocity? Ans, (a) | ft. per sec. per sec. (b) 20 ft. 
per sec. 



CHAPTER VI 
KINETICS 

119. Kinetics is that portion of mechanics in which the 
motion of bodies is considered as the effect of applied 
forces. In determining the effect of a force the influence 
of the mass of the body in modifying its velocity is taken 
into account. 

It is from the consideration of the effect of the action of 
force that the true conception of what the mass of a body 
really is may be obtained. The greater the mass of a body, 
the less is the change in its motion which a given force 
can produce in a given time ; and the greater the mass of a 
moving body, the greater is the effect it can produce in 
changing the motion of other bodies. 

120. First Law of Motion. — Over two hundred years 
ago Sir Isaac Newton published three laws of motion 
which were generalizations from experimental data and 
facts of common experience. These laws, unmodified to 
the present day, form the basis of the science of mechanics. 
The first law, commonly called the Law of Inertia, is: 
A body of itself is unable to change its condition of rest or 
of motion. 

From this law is derived the condition under which uni- 
form motion is obtained ; viz, that if the force (or system 
of forces) which sets a body in motion ceases to act (or 
becomes in equilibrium), then uniform motion results from 
the fact that matter is helpless to change its condition of 
rest or of motion. Once set in motion any body if left to 
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itself will move on forever in a straight line. No force is 
required to maintain it in uniform motion. If the body 
has been set in motion, it cannot of itself either increase 
or decrease its velocity, or change its direction. This 
property of matter is called inertia. 

In any case, then, in which the motion of a body is uni- 
form, the forces which originally set it in motion either 
have ceased to act or have become in equilibrium and the 
body continues to move with uniform velocity in a straight 
line from sheer helplessness to do anything else. 

121. Momentum. — If a body whose mass is m moves 
with a velocity v^ the product, tnv^ is called the momentum 
of the body. If a body of mass m moving with velocity V^ 
is acted upon by a force so as to change its velocity in 
t seconds to z;, the change in momentum is mv ^ mV^ or 
m{v — Vq). The change in the momentum per second^ or 

the rate of change of momentum^ is — ^^ — - — ^' From equa- 

tion (7), — - — - — a (the acceleration); therefore the rate 

of change of momentum of a body equals ma^ i.e. the product 
of its mass and acceleration, 

122. Second Law of Motion. — Newton's second law of 
motion which deals with the above quantity is : The rate 
of change of momentum of a body is proportional to the 
magnitude of the force acting and is in the direction of the 
force. 

This law then gives a measure of any force {F) in the rate 

of change of momentum it produces. Expressed in equa- 

tional form : — 

F^ma, (8) 

or Ft = nw — mV^ (9) 
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123. Units of Force. — From equation (8) it is evident 
that a unit offeree is that force which acting upon unit 
mass gives it unit aeeeleration. 

The C. G. S. unit of force, called a dyne^ is that force 
which acting upon i gram mass gives it an acceleration 
of I cm. per sec. per sec. 

The F. P. S. unit of force, called dipoundal, is that force 
which acting upon i pound mass gives it an acceleration 
of I ft. per sec. per sec. 

124. Value of a Force. — From equation (8), F= muy 
it is evident that to produce the same acceleration in dif- 
ferent quantities of matter, the greater the mass of the 
body, the greater is the force required. 

For example, if a full barrel and an empty barrel are rolled along 
side by side, the force required to set the full barrel in motion is 
greater proportionally to its greater mass. 

Also, to increase the acceleration given to a body whose 
mass remains constant, a greater force is required. 

For example, in order that an automobile may be brought to a stop 
from full speed in a few seconds a more powerful brake, ue, a greater 
force, must be employed than if a longer time were given to stop it, 
and this force must be greater in proportion to the greater rate of 
change in its velocity. 

125. Weight Expressed in Units of Force. — Since 
F^ma^ the weight w, of a mass »z, is mg. units of force. 
The weight of m gm. is 980 m dynes. The weight of 
mlh. is i2 m poundals. The C. G. S. unit of weight, viz. 
the weight of i gram mass, equals 980 dynes, and the 
F. P. S. unit of weight, viz, the weight of i pound mass, 
equals 32 poundals. 

126. Gravity Acceleration Independent of Mass. — When 
previously discussing the conditions which determine 
the weight of a body (§ 34) it was shown that the 
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weight is directly proportional to the mass of a body and 
is equal to ^^^- Since weight = m'g where w' is the 
mass of a body on the earth, g must equal — c where m 

is the mass of the earth and d the distance from the sur- 
face of the earth to its center. All of these factors are 
constant at the same place on the earth *s surface ; there- 
fore the value of g must be the same for all bodies at the 
same place no matter what their mass may be, which means 
that all bodies fall equally fast under the action of the 
force of gravity. 

This fact may be demonstrated by dropping simulta- 
neously various masses from the top of a tall building and 
noting their times of fall to the ground, just as Galileo did 
hundreds of years, ago in one of his historic experiments. 
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Fig. 54 a. 

127. Illustration of the Second Law of Motion. — The 
Second Law implies that a given force produces the same 
rate of change of momentum, regardless of the mass of the 
body upon which it acts, or whether it is acting alone or 
with other forces at the same time. This fact may be 
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demonstrated by projecting one body horizontally and drop- 
ping another simultaneously from the same level (Fig. 54^). 
Both bodies strike the floor at the same instant; there- 
fore the force of gravity imparts the same momentum per 
second in a vertical direction to each ball regardless of • 
the fact that one of the balls is being acted upon by another 
force at the same time. 



A'B 



If in Fig. 54 h the two balls A and B start at the same time from a 
the ball B being projected in the direction af while ball A is allowed to 

fall freely in the direction aq'^ and 
if the ball A traverses the distance 
aq' in \ sec, in the first -^ sec. ball 
A would move ^ of the distance aq' 
or anH , Ball B with its uniform 
velocity of projection would move in 
the first 3*5 sec. the distance ab if 
the earth were not attracting it; 
but since the earth gives it the same 
rate of change of momentum as ball 
A^ it will also move a vertical dis- 
tance bm equal to am\ i.e. the ball 
B will move in the path am. By 
the end of the second -^ sec. ball A 
will have moved ^-^ of the distance 
aq' or an'^ therefore ball B will move 
an equal distance en from the hori- 




FiG. 54 b. 



zontal line af in that time, i.e. ball B will have moved in the path amn. 
By the end of the third ^ sec. ball A will have moved ^3 of a^ or 
^^y,. therefore ball B will have moved an equal distance do below the 
horizontal line af in the same time, i.e. B has moved in the path amno. 
By the end of the fourth ^ second A has moved \\ of aq' or ap'. 
B has moved in a horizontal direction the distance ae and in the ver- 
tical direction the distance ep equal to ap'^ i.e. B has moved in the 
path amnop. By the end of the half second A has fallen the distance 
aq' and reached the floor, B has moved horizontally the distance af 
and vertically the distance fq, having moved in the path amnopq^ and 
has likewise reached the floor. 
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128. Illustration of Second Law of Motion: Second 
Method. — This law is also illustrated in an ingenious man- 
ner with the apparatus 
shown in Fig. 55^. 

A ball B is supported 
say 10 ft. above the floor by ^ 
an electro-magnet E, If the 
two wires touching at C are sep- 
arated, the electric circuit of the 
magnet is broken, the magnet re- 
leases the ball B^ and it drops to 
the floor. A second body A is pro- 
jected by the spring gun aimed di- 
rectly at ball B, As A leaves the v 
gun barrel it breaks the circuit of the 
magnet at C, so that A and B start 
felling at the same instant, and they will \ 
collide at the point where their paths in- 
tersect, no matter wjiat the "elevation" 
or "range" may be. 

Suppose in Fig. 55^ the projectile A \ 
starts at a, and the ball B at/, and that after ^ 
i sec. they collide at q. The line of is the 
direction in which A is projected. Divide this 
line into five equal parts, each representing the 
distance A would move in ^ sec. because of the 
projecting force. Since the distance a body fells 
from rest is proportional to the square of the time 
it fells, in the first ^ sec, the body B falls ^ of the 
distance /q which it falls in i sec, or to the poitit 
m'. In the same time the projectile A has moved the 
same distance, dm, in a vertical direction from the line 
a/f t\e. it has moved along the path am. By the end of 
the second ^ sec. the body B has fallen ^ of the dis- 
tance/^, or to n'. In the same time the projectile A has 
moved the same vertical distance, en, from the line a/, 
having moved along the path amn. By the end of the t/ttrd ^ sec B 
has moved /j of y^, or to o', while A has moved the same vertical dis- 
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tance, do^ or has moved along the path amno. By the end of X\it fourth 
^ sec. B has moved if of fy, or to /', and A has moved the same ver- 
tical distance, ep, or has moved along the path amnofi. By the end of 
the half second the paths of the two bodies cross at ^, where they collide. 




Fig. 55 b. 



A'^ 



129. The Third Law of Motion. — The third law of mo- 
tion stated by Newton is : To every action there is an equal 
and opposite reaction. 

This implies that in every case of the exertion of force 
there must be two masses concerned and that the action is 
mutual a7id active for both masses, the only difference in the 
activity of the two masses is that the directions are opposite. 

Since change of momentum is the measure of a force 
acting for a given time, the change of momentum imparted 
to the second body by the first is equal and opposite to the 
change of momentum imparted to the first body by the 
second. 

Considering, then, the two masses as one system^ the 
total change of momentum of the system due to the inter- 
action of the bodies in the system is zero ; therefore the 
momentum of the system before the interaction is the same 
as the momentum of the system after the interaction. 
Expressed in the equational form : — 



m^V^ + /«2^2 = ^^1^3 + ^2^4 



(10) 
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where m-^ and m^ are the masses of the two bodies, v^ and 
v^ their respective velocities before interaction, and z/g and 
v^ their velocities after interaction. 

These momenta are added algebraically, the momentum 
in one direction being considered positive, and momentum 
in the opposite direction negative. 

For example, if a gun and the bullet with which it is loaded is con- 
sidered as forming one system, the momentum of the bullet, when the 
gun is fired, plus the momentum of the gun (considered as negative 
because it is in the opposite direction) equals zero, since the sum of 
their momenta before firing also equals zero. 

• 

130. Reflection after Impact. — If a body A is thrown 
against a resisting surface £C (Fig. 56) (both being as- 
sumed perfectly elastic), the reaction 
of that surface equals the normal 
component op of the force of the blow 
only while the component pm which 
is parallel to the surface remains 
unaffected. The direction the body 
takes after striking the surface is 
then that of the resultant mr of 
the reaction mn, equal and opposite 
to op and of ml equal to and in the fig. 56. 

direction oi pm. 

The angle, omn, between the line of action of the striking 
body and the normal to the resisting surface at the point 
of incidence is called ^^' angle of incidence. The angle, 
nmr^ between the li7te of action of the body when thrown 
-backf or reflected^ by the surface, and the normal is called 
the angle of reflection. 

From the similarity of the triangles opm and rlm^ it is 
evident that the angles pmo and Imr are equal, hence their 
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complements, the angles of imidence and of reflection^ are 
equal. 

This is commonly stated as the Law of Reflection : the 
angle of incidence equals the angle of reflection^ and they lie 
in the same plane. 

If the body and the resisting surface are not perfectly 
elastic, the reaction mn is less than the normal com- 
ponent op^ hence the angle of reflection will in this case 
be greater than the angle of incidence. 

131. Work. — Work is the prodtiction of motion against 
resistance. In th*e measurement of work there are two 
factors involved: (i) the effort used, or the resistance over- 
come; (2) the distance through which the effort acts, or 
the distance through which the resistance is overcome in 
the direction in which it is acting. Work, being propor- 
tional both to the distance the body moves and to the 
quantity of effort exerted in that direction, is, therefore, 
measured by their product. Expressed in equational 
form, — 

lVork = FS=RS' (II) 

where 5 is the distance the effort F moves and 5' the dis- 
tance through which the resistance R is overcome. 

132. Units of Work. — The C. G. S. unit of work, called 
an ergy is the quantity of work done by a unit force, i 
dyne, in moving against resistance through a unit distance, 
I cm. 

The F. P. S. unit of work, called a foot poundal^ is the 
work done by a unit force, i poundal, in moving against 
resistance through a unit distance, i ft. 

The quantity of work represented by an erg is veiy 
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small, hence for practical purposes a unit equal to 10,000,- 
000 (10") ergs, called s, joule^ is used. 

I joule = 10,000,000 = 10'' ergs. 

In the F. P. S. system for practical purposes a unit is 
used which is g (32) times as large as a foot poundal, 
and is called 2l foot pound. 

I foot pound = g foot poundals. 

lUustrations of the Measurement of Work. — i. In placing a book, 
weighing i lb., resting on the table under one's arm, 2 ft. above the 
table, 2 ft. lb. of work are done. 

2. In climbing the stairs from the first to the fourth floor, a height 
of 50 ft., if one's weight is 100 lb., 100 x 50 = 5000 ft. lb. of work are 
done. 

3. In dragging a sled up a hill 400 ft. long, if the pull on the rope is 
4 lb., 4 X 400 = 1600 ft. lb. of work are done. 

4. In raising the dumb-waiter with a force of 20 lb., if 40 ft. of rope 
pass through one's hands, 20 x 40 = 800 ft. lb. of work are done. 

133. Stability. — A body in stable equilibrium is said to 
have a greater or less degree of stability according as a 
greater or less quantity of work is required to overturn it. 
Let ^, by and c (Fig. 57) represent three positions of a body 
whose dimensions are, say, 10 cm. x 10 cm. x 20 cm., and 
suppose the body is to be turned over about the edge pq. 
Imagine a plane passed through the center of masSy m^ and 
perpendicular to the edge pq^ as otndf] then the degree of 
stability with reference to this plane is measured by the 
quantity of work required to turn the body over on the 
edge pq. With t? as a center draw the arc md ; through m 
draw the horizontal line mf\ then the distance df{=^h) is 
the vertical height through which the center of mass is 
raised by turning the body over, and this distance multi- 
plied by the weight, W (which acts at the center of mass), 
equals the work done : ivork =ilVxh = measure of degree 
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of Stability. In this case ^i : Ag : Ag = 3 : 15 : 5 (approxi- 
mately), therefore the several degrees of stability are to 
each other as, 




Wx A^: IV xA^: Wx/i^^ h^ : ^2 • ^8 = 3 • ^5 • S- From 
this it follows : — 

1st. That in considering any given case of stability of a 
body it is necessary to take into account, both the center 
of mass and the edge (or axis^ about which the turning 
takes place; the forces involved act in a plane passed 
through the former and perpendicular to the latter. 

2d. That with the same horizontal distance between the 
center of mass and the turning edge {a and ^, Fig. 57), the 
degree of stability is less if the center of mass is higher, 

3d. That with the same vertical distance between the 
center of mass and the turning edge {b and ^, Fig. 57), 
the degree of stability is greater if the horizontal distance 
of the center of mass from the turning edge is greater. 
Neither of these relations, however, are proportional. 

134. Energy. — Energy may now be defined as the ability 
to do work. According to the principle of the Conserva^ 
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tion of Energy, no energy is ever created or destroyed; 
the sum total of the energy in the universe is a constant 
quantity. The only realities of the physical world are 
matter and energy, and energy is a possession of matter 
which it imparts or receives whenever it does work or 
has work done upon it. If, then, a body possesses energy, 
it obtained it from some other body because the second 
body performed a certain amount of work upon the first 
body, and in performing the work lost as much energy 
as the first body received. No body can exert force unless 
it possesses energy. 

135. Potential Energy. — If a body possesses energy be- 
cause of some position or condition it has acquired by vir- 
tue of work having been done upon it, this energy is called 
Potential Energy ^ PE. 

For example, the energy of compressed air, of a wound dock spring, 
or of a raised pile driver is potential energy. 

If a body of mass, m, is raised a vertical height, A, this 
body in its raised position possesses the ability to do work, 
i,e. energy ; and the work it can do in returning to the 
place from which it was raised equals the work done upon 
it in raising it to that position. Work equals FS. To raise 
a body of mass, m^ requires a force equal to its weight, mg. 
The distance, 5, it is raised is denoted by the height, h. 
Therefore, the potential energy of a raised body is ex- 
pressed by the equation, — 

PE — mgh. (12) 

136. Unit of Energy. — The unit of energy is the unit 
of work. If tn is expressed in grams, g in cm. per sec. 
per sec, h in cm., the quantity of energy is expressed in 
ergs. 
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137. Kinetic Energy. — The energy of a pile driver is 
potential before it is dropped, but during its fall all of its 
energy is being transformed into another kind, called 
Kinetic Energy^ KE. Kinetic energy is the energy a 
body has because it is in motion, such as the energy of 
wind, of running water, of a striking hammer, or of a 
moving train. 

The Kinetic energy which a moving body has equals 
the work done upon it to give it its motion. „ 

Work^ FS, but F—ma and, by equation (4), S — — ; 

therefore FS =^ma( — ) = 

\2aJ 2 

The kinetic energy of a body of mass m moving with a 

velocity v is therefore expressed by the formula, — 

KE-\mv\ (13) 

138. True Meaning of Mass. — In § 8 the mass of a body 
was provisionally defined as its quantity of matter. In §119 
attention was called to the conception of the mass of a body 
as that which determined the magnitude of the effect of force 
exerted by or upon the body. It is now possible to define 
the mass of a body as its carrier of energy^ since the ability 
of a body to do work depends upon nothing appertainmg 
directly to it other than its mass. The other factors in- 
volved in energy, g, A, or z/^, are conditions not inherent in 
the body. Energy is a possession of matter, and, these 
other conditions being equal, the greater the mass of a 
body, the greater is its energy, 

139. Energy Changes in Doing Work. — To do work 
requires either the transference of kinetic energy of the 
body doing the work to the body upon which work is 
done, or the transformation of kinetic energy in the body 
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doing the work into potential' energy in the body upon 
which work is done. 

140. Power. — The quantity of work a motor does is 
independent of the time it takes to do the work. If one 
motor does more work in unit time than another, the first 
motor is said to have the greater power. 

Power is the rate of doing work^ or the quantity of work 
done per unit time. 

141. Units of Power. — The C. G. S. unit of power is 
I erg per sec, but this unit being too small for practical 
purposes, i Joule per sec, ^ called a watt^ is used. 

I watt — I joule per sec, = id^ ergs per sec. 

The F. P. S. unit of power is i foot poundal per sec, ; 
but for practical purposes a unit equal to 550 foot pounds 
per sec, called i horse power^ is used. 

I horse power =550 ft. lb. per sec. = 33,000 ft. lb. per min. 

7 ^ 550 X 3048 X 453.59 X 080 ^ 

I horsepower = ^ ^—^ !OJ_3y — y_ _ n^^^^atts, 

^ 10,000,000 

(I ft. = 30.48 cm., and i lb. = 453.59 gm.) 

142. Problem in calculating the Power of a Motor. — To calculate 
the power of a steam engine: Suppose the piston is 50 sq. in. in area 
and that the average steam pressure during each stroke is 50 lb. per 
sq. in. Let the length of the stroke be 18 in. and the revolutions per 
minute of the fly wheel, 150. 

Since the piston moves to and fro for each revolution of the fly wheel, 
the distance the piston (50 x 50 = 2500 lb.) moves per revolution is 
36 in., or 3 ft. The work done per revolution = 2500 x 3 = 7500 ft. lb. 
The work done per minute = 7500 x 150 = 1,125,000 ft. lb. The work 

I 1 2 c 000 
done per second = ' ?" — = 18,750 ft. lb. The power of the engine 

= — ^^ = 34.05 h.p. Expressed in watts, the power = 34.05 x 746 = 
25401.3 watts = 25.4 kilowatts. 
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t/^ PROBLEMS 

I. A force of 5000 dynes acts for 10 sec. upon a mass of 250 gm. 
which is free to move and starts from rest. 

(a) What momentum is imparted to the body? 
(^) What is its acceleration? 

(c) What is its momentum after the force has been acting 3 sec. ? 

(d) How far will it move in the 10 sec? 

(e) If after the 10 sec. the force ceases to act upon the body and no 
other force acts upon it, with what velocity will it move and for how 
long a time ? 

{(a) 50,000. (d) 1000 cm. 

(d) 20 cm. per sec. per sec. (e) 200 cm. per sec. ; forever. 
(c) 15,000.. 



2. What force is required to bring a mass of 2000 T. moving with a 
velocity of 30 mi. per hr. (44 ft. per sec.) to rest in 22 sec. ? Ans, 
8,000,000 poundals (250,000 lb.). 

3. A bullet is fired horizontally from the top of the mast of a ship 
60 ft. above the sea with a velocity of 800 ft. per sec. The ship is 
moving with a velocity of 22 ft. per sec. How soon will the bullet 
strike the water? -^«j. 1.93 sec. 

4. A baseball whose mass is 250 gm., after falling from a height of 
25 m. is caught by a boy, who in the act of bringing the ball to rest 
moves his hands with the ball a distance of 80 cm. downward. What 
is the average value of the force used? Ans. 7,656,250 dynes, or a 
force equal to the weight of 7.8125 kgm. 

5. A boat whose mass is 200 T. is moving with a velocity of 3 ft. 
a sec; what force will bring the boat to rest in 10 sec? (Neglect 
friction of water.) Ans. A force equal to the weight of 3850 lb. 
(120,000 poundals). 

6. A constant force of 500 lb. acts on a mass of 20 lb. (a) What 
velocity will be produced in 3 sec ? (d) How many foot pounds of 
work is done while the force moves the body 80 ft. ? Ans. (a) 2400 
ft. per sec. (d) 40,000 ft. lb. 

7. An elastic body whose mass is 200 gm. while moving with a 
velocity of 25 cm. per sec. collides with a similar body at rest whose 
mass is 300 gms. After the collision the 200 gm. mass moves in the 
opposite direction with a velocity of 3 5 cm. per sec. (a) What is 
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the velocity of the 300 gm. mass after collision and in what direc- 
tion? (d) What momentum did the first ball impart to the second? 

(c) What momentum did the second ball imi»rt to the first ? 

Ans, (a) 19 cm. per sec. in the direction in which the 200 gm. mass 
was moving before collision, (d) + 5700. (c) — 5700. 

8. The weight of a certain mass is 84 gm. ; what is its weight, 
expressed in dynes? Ans. 82,320 dynes. 

9. An elastic body moving northwest with a velocity of 20 ft. per 
sec. strikes an elastic surface extending due north and south ; wiiat is 
the velocity of the body after impact and in what direction? Ans, 20 ft. 
per sec. northeast. 

10. How many joules of work is done in raising a mass of 5 kgm. 
a vertical height of 200 cm. ? Ans, 98 joules. 

11. How much work is done in pulling a sled whose mass is 12 lb. 
up a hill 200 ft. long having a grade of 30 degrees ? Neglect friction. 
Ans, 1200 ft. lb. 

12. A rectangular body, 20 cm. square at each end and 12 cm. long, 
whose mass is 40 kgm. rests on a side whose dimensions are 20 x 12 cm. 
If the density of the body is uniform, (a) how much work must be done 
to overturn the body about the 12 cm. edge? (d) about the 20 cm. 
edge? Ans, (a) 16.23 joules. W 6.5 joules. 

13. A clock weight of 4 kgm. when wound up is 80 cm. higher than 
when completely run down, (a) How much work is the weight able 
to do when it is wound up? (d) If the clock runs for eight days, 
.what is the power of the weight as a motor? Ans, (a) 31.36 joules. 

(d) .0000454 watt. 

14. A shot traveling at the rate of 800 ft. per sec. is just able to 
pierce a 2-in. board ; with what velocity must the shot move to pierce 
a 3-in. board? Ans, 980 ft. per sec. 

15. If 2400 lb. of coal are burned in moving a train from New York 
to Philadelphia in 3 hr., how much coal must be burned to make the 
same trip in 2 hr., assuming that the energy of the coal is equally 
effective in producing motion? Ans, 5400 lb. 

16. A motor raises an elevator weighing 2500 kgm. through a 
height of 50 m. in 15 sec. (a) How much work, expressed in joules, 
does the motor do? (d) What power, expressed in kilowatts, does 
the motor exhibit? (c) What is the average value of the force on the 
elevator? Ans. (a) 1,225,000 joules, (d) 75 k.w. (c) 2556.632 
kgm. 
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17. (a) What is the power of a motor that can raise an elevator 
weighing 1500 kgm. through a height of 20 m. in 10 sec.? (^) If an 
additional load of 700 kgm. is put into the elevator, how long will it 
take this motor to raise the elevator 20 m,? Ans, (a) 29.4 k.w. 
(b) Hjsec. 



CHAPTER VII 
MACHINES 

143. Mechanical Advantage. — A machine is a contriv- 
ance by means of which an effort can overcome a resist- 
ance to a greater advantage than if applied directly. The 
advantage of a machine cannot be a gain in work^ because 
by the law of conservation of energy, energy is never 
created or destroyed. The energy put into the machine 
by the exertion of force upon it can never be less than the 
energy transferred to the resistance through the medium 
of the machine. 

The advantage of a machine, called mechanical advan- 
tagCy may be of two kinds : a gain in force or a gain in 
speed. There is a gain in force when the resistance R is 
greater than the effort Fy and the value of this gain is the 
ratio R : F, 

There is a gain in speed when the speed, Sp\ of the re- 
sistance is greater than the speed. Spy of the effort, and 
the value of this gain in speed equals the ratio Sff : Sp. 

144. The Efficiency of a Machine. — Since in every actual 
machine the parts have weight, and there is friction where 
the surfaces of the various parts rub over each other, a cer- 
tain amount of work must be done by the effort to move 
the parts of the machine, even when the machine is applied 
to no external resistance. Hence the work, FSy done by 
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the effort is always greater than the work, RS\ done upon 
the external resistance. 

A machine becomes more efficient to the extent to which 
this element of wasted energy is eliminated. The mechan- 
ical efficiency of a machine is the ratio of its " output " of 
energy to its " intake " of energy, or 

Mechanical efficiency = RS' : J*'S, 

For example, if with a given arrangement of pulleys, an effort of 250 
lb., moving 40 ft., can raise a weight of 900 lb. a height of 10 ft, the 
work done by the effort (the " intake ") = 250 x 40 = 10,000 ft. lb. The 
work done upon the resistance (the " output ") = 900 x 10 = 9000 fl. lb. 
The efficiency of this machine is, therefore, 9000 : 10,000 = .90, or 90%. 
Again, if with a certain lever, an effort of 25 lb., moving J fl., raises a 
weight of 148 lb. a height of i in., the work done by the effort (the 
" intake") = 25 x i = 12.5 ft. lb. ; the work done upon the resistance (the 
"output") = 148 X ,1^ = 12.33 ft. lb. The efficiency of this lever is, 
therefore, 12.33 : 12.5 = .9864, or 98.64%. 

146. Three Principal Machines. — There are three funda- 
mental machines: (i) lever, (2) pulley, (3) inclined plane. 
There are also three modifications of these : (a) wheel and 
axle, (6) screw, (c) wedge. 

146. The Lever. — The lever has been previously con- 
sidered as a problem in statics, in the discussion of the 
equilibrium of three parallel forces. It is now to be con- 
sidered in motion, or as a problem in kinetics. 

In the following discussions it is assumed that the veloci- 
ties of the effort and of the resistance are uniform, so that 
after the machine has started the effort and resistance are 
in equilibrium (see First Law of Motion) and have therefore 
the same relation to each other as when the lever is at rest. 
It is also assumed that the parts of the machine are weight- 
less and the bearings frictionless. 
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Fig. 58. 



In the' case of the lever, shown in Fig. 58, when Fand R 
move, the paths, 5 and 5', of their points of application 
are arcs of circles about / as center with a and b respec- 
tively as radii. The 



work done by F= FS, 
and that done upon 
jR = RS'. Since the 
angles, i and 2, at the 
fulcrum are equal, be- 
ing vertical angles, the 
lengths of the arcs, 5 and 5', are proportional to the 
radii, a and 6, or S: S'=^a:6; but when the lever is at 
resty a\ b = R\F\ ,\ (since the velocities are uniform and 
R and F are in equilibrium) S : S' = R :Fov FS= RS', 

That is, if there is no work expended in the machine in 
moving its parts and in overcoming friction, the work done 
by the effort, FS, equals the work done upon the resistance, 
RS'. 

The efficiency in this case, RS' : FS = i, or loojfc. 
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TIG. 59 a. 



^ 



The Wheel and Axle. — The wheel and axle is a 
modified form of lever consisting in 
its simplest form of two concentric 
disks (Fig. 59) of radii, a and by sup- 
ported on a fulcrum,/, the axis at the 
center. To a rope wound about the 
larger disk, the effort F is applied. 
The resistance is applied to a rope 
wound in the opposite direction about 
the smaller disk. 

When the machine is turned 

through one revolution, the effort F 

Fig. 59 b.. moves a distance 2 Tra, equal to the 
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circumference of the larger disk; the resistance moves a 
distance, 2irb, equal to the circumference of the inner 
disk. For each revolution the work done by the effort is 
Fx2 irUy and the work done upon the resistance is ^ x 
2*Kb. 

But, considered as a lever (Fig. 59^), F: R = b:a. 
Multiplying both terms of the second ratio by 2 tt will not 
change the value of the ratio; therefore, F: R = 2Trb:2ira 
or Fx2ira=^R X2 irb. Consequently, in this case also, if 
the machine is frictioriless, the efficiency is loojo. 

If a revolving arm is substituted for the larger disk, the machine is 
known as a windlass. A capstan used for hoisting anchors on ships 
and a hand coffee mill are familiar examples of the windlass. 

148. The Pulley. — A pulley consists of one or more 
grooved disks, called sheaves, which can revolve within a 
supporting frame, called the block. 

If while the sheave revolves, the block has a translatory 
motion, it is called a movable pulley. If the block remains 
stationary while the sheave revolves, it is a fixed pulley. 

149. Single Fixed Pulley. — With a single fixed pulley 
(Fig. 66) the effort /^equals the resistance R because, con- 

• sidered as a case of three parallel forces, the supporting 
force at the center of the sheave is midway between the 
two forces F and R ; or, considering it as a lever, the arttis 
^1 and ^2 of -Fand R being equal, F=R. The distance S 
the effort moves down equals the distance S' the resist- 
ance is raised, the entire length of the rope being un- 
changed. Therefore FS=RS', or the efficiency is ^cx)^ 
if the pulley is frictionless. There is no mechanical 
advantage in a single fixed pulley since R:F=:i, and 
5': 5= I. Its use is to change the direction in which a 
force must be applied to move a given resistance; for 
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example one can raise a body by pulling down or by 
pulling horizontally. 

150. Single Movable Pulley. — This pulley shown in 
Fig. 61 is also a case of three parallel forces where the 
resistance R is the single opposing force midway between 
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Fig. 60. 



Fig. 61. 



Fig. 62. 



the efifort Fand the other supporting portion of the string 



whose tension is also /^ 



Hence, 2 F^R, or F=—. The 

2 

same result is obtained if a single movable pulley is con- 
sidered as a second-class lever with the fulcrum at one end 
and the arm of R equal to J the arm of F; hence F=^ R. 
The mechanical advantage of the single movable pulley 
R:F=2. 

Figure 62 shows a combination of a single fixed and sin- 
gle movable pulley, the function of the fixed pulley being 
to change the direction of the efifort from upward, as in 
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Fig. 6 1 , to downward. By the single fixed pulley F=T\ but 
The distance 5' which the resistance 



T=— ; hence F= — . 

2 2 



R moves up is J of the distance 5 which the effort /^ moves 

down, because each of the parts, T^and 7\, of the cord must 

be shortened a length equal to 5', and this total length of 

cord 2 S' passes over the sheave of the fixed pulley allowing 

R 
Fto move that distance. Since F=— and 5=2 5', FS= 

2 

^ R'2 S' = RS\ or the efficiency RS' : FS= loo^. 



n 



Fig. 63. 



Fig. 64. 






Fig. 65. 



151. Double Fixed and Single Movable Pulley. — This 
arrangement is shown in Fig. 63, and since there are three 
portions, 7", 7\, Tg, of cord supporting the movable block 
and since the tension of a cord is the same throughout its 
length, ^ = tension 7^-1- tension 7\-f- tension T^* ButF = 

ID 

tension T. therefore R = ^ F or F = -. If the movable 

3 
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block, instead of being assumed weightless, has a weight 

. j^ R ^ w 
z£/, then F= . 



152. Double Fixed, Double Movable Pulley. — In this 
arrangement of pulleys (Fig. 64) it follows by the same 
reasoning as above that 7? = 7^ + 7\ -|- T^-{- T^g = 4 -F or 

/^ = — . Assuming the weight of the movable pulley to be 
4 
u R-v w 



153. Triple Fixed, Double Movable Pulley. — This ar- 
rangement shown in Fig. 65 gives a mechanical advantage, 
R :F, of 5, since there are five portions of cord supporting 

R, each under the same tension F, or F=^ . 

5 

154. Triple Fixed, Triple Movable Pulley. — The me- 
chanical advantage of this arrangement (Fig. 66) is a gain 
of force of 6, since R is supported by six portions of cord, 

each under the same tension F, or F= — - — . 

o 

155. General Formula for Any Number of Pulleys with 
a Continuous Cord. — From the examples given, it is evi- 
dent that if, in general, « = the number of portions of the 

cord that support the movable blocks F=—. 

n 

It should also be noted that the number of sheaves, count- 
ing those of the fixed block with those of the movable 
block, = «, a^d if ;/ is an odd number, as i, 3, 5, 7, the fixed 
block has one more sheave than the movable block and 
the fixed end of the cord must be attached to the movable 
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Fig. 67. 



block ; while if n is even, the fixed end of the cord must 
be attached to the fixed block. 

156. The Inclined Plane. — If a body O (Fig. 6j) is drawn 
up a f rictionless inclined plane with uniform velocity, there 
is equilibrium among the three forces acting : ( i ) the weight, 
W, of the body O acting vertically downward, (2) the efifort, 

F^ pulling up the plane 
p\ >^ and parallel to the incline, 

(3) the reaction, P, of the 
plane equal to the pres- 
sure of the body upon the 
plane and acting normal 
to the plane. 

The resultant of any 
two of these forces, as F 
and W, is the diagonal of the parallelogram constructed 
upon these two forces as adjacent sides, and this diagonal, 
OR, is equal and opposite to force P, 

Let /, by and h denote the length AB, base ^C.and 
height BC respectively of the incline. The A ABC and 
OWR are similar since 

^ ORW^ ^ ACB and ^ WOR = ^ BAC, 
,'.01V:IVR=:AB:BC 
But 01V= IVy WR =F, AB = /, and BC = h, 

.-. WiF=l:h, 

or the weight of a body moved up an incline is as many 
times the force required to move it as the length of the 
incline is times the height. 

The pressure P of the body on the incline being equal 
to RO which is homologous to -^C in the other triangle, it 
follows thdii F: P = h:b. 
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W I 
The mechanical advantage of an inclined plane —=•= — 

or the gain of force equals the ratio of the length of the 
incline to its height. 

The work done by the effort, F, in pulling the body up 
the entire length of the incline =F/. The work done upon 
the weight, Wy in raising it through the vertical distance, 
hy = Wh. By the above proportion Fl = IVk ; therefore 
the efficiency of this machine is 1009& provided that the 
plane is frictionless. 

157. Friction. — Friction is the force acting between two 
bodies in contact, opposing the motion of the surface of one 
body over the surface of the 
other; the direction of this ^ 

opposing force is tangent to ^^ 

the surfaces in contact. \ 

One method of determin- jy 

ing the quantity of friction ^^ 

between two surfaces makes ^^— ^ 

use of the principle of the . fig. 68. 

inclined plane. 

If a body O (Fig. 68) is placed upon the surface AB, 
and its inclination a is gradually increased until the body 
O just slides slowly down the plane with uniform velocity, 
the force of friction,/, the weight of the body, W, and the 
reaction, P, of the plane are in equilibrium. 

The coefficient of friction for any two surfaces is the ratio 
of the force of friction / to the pressure P between the two 

surfaces, or the coefficient of friction = ~ 

But, by the law of the inclined plane, '^ = -7-, therefore 

P b - 
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the coefficient of friction is the ratio -- when the plane is 

b 

inclined, as described above. 

158. The Screw. — If about a right cylinder M (Fig. 
69 ^) is wound a right triangle abc^ whose base, ac^ equals 
the circumference of the cylinder, the hypotenuse ah rep- 
resents the thread of a screw, while the height be represents 
the distance between two successive 
threads, or the pitch of the screw. 

When a screw is turned through 
one revolution, its axis advances in a 
straight line a distance equal to the 
pitch of the §crew. The effort F 
moves through a circular path, 
whose radius may be indicated by r. 
Then, by the law of the inclined 
plane, F x 2 irr=^ R x the pitch of 
the screw (the work done by the 
effort equals the work done upon 
the resistance). 
The mechanical advantage of the screw is, therefore, 
R : F= 2 irr: pitch of screw. 

For example, if the radius 
of the hand-wheel of a letter jL 

press (Fig. 69 ^) is 8 in., and 
the screw has 6 threads to the 
inch, the mechanical advan- 
tage of the press equals 2 x 
3a4i6 X 8 : ^ = 301.6; or a 
force of I lb. on the rim of the 
hand-wheel will produce a 
pressure of 301.6 lb. between 
the plates of the press, which 
are pushed together by the ad- 
vancing motion of the screw. 



Fig. 69 fl. 




Fig. 69 3. 



MACHINES 



109 



159. The Wedge. — If a wedge ABG (Fig. 70) is driven 
by a force F a distance equal to AK, the resistances R^ 
and R^y acting normally to each of the slant sides of the 
wedge, have each been moved a distance DK = EK\ for 
the points D and E were originally together at point K. 

Therefore, by the general law of machines, the work 
done by the force Fy F xAK, equals the work done upon 
the resistance, 

y?i X DK-^ R^ X EK= 2 y? X DK, 
since R^ = R2 = R and DK= EK. 

Therefore F'.R = 2DK:AK. 

The A ADK and A CB are similar, therefore DK :AK = 
BC\ AB, Hence, in a wedge, the mechanical advantage 

R _ AB _ length of wedge 
F 2BC width of wedge 

In any actual case of the wedge, how- 
ever, the frictional resistance to be 
overcome is so great that the above 
rate only approximately represents the 
advantage. 

160. General Law of Machines. — 
From the consideration of these vari- 
ous machines it may be seen that, if 
the energy wasted in overcoming the 
friction in the machine is disregarded, 
there is a law common to all of them, ^^^* 7°- 
viz. tke work done by the effort, FS, equals the work done 
upon the resistance, RS\ 

Also, since the forces, F and R, are inversely propor- 
tional to the distances, 5 and S\ through which they move. 
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whenever the mechanical advantage tt is a gain in force^ 

F 

there is a loss in speedy S' being proportionally less than 5*. 

161. Speed Gearing. — Unless a motor is directly con- 
nected with a machine, power is usually transmitted either 
by belt gearing or cogwheel gearing. 

If the pulley A (Fig. 71) of a motor is belted with the 
pulley ^ of a given machine, for every revolution of the 

motor pulley there are 
^^ as many revolutions of 
the other pulley as the 
circumference of pulley 
B is contained in the cir- 
cumference of pulley A, 
or as the diameter of A is times the diameter of B. 

The diameter of a bicycle wheel is, as a rule, 28 in. If for one revo- 
lution of the pedals the bicycle moves forward a distance equal to the 
circumference of a wheel whose diameter is 80 in., the gear is 80. To 
produce this speed, the number of teeth in the driving sprocket, A : num- 
ber of teeth in the rear sprocket, ^ = 80 : 28, or = 20 : 7. If this rela- 
tion exists, for every revolution of the pedals, there are ^ =2f revolutions 
of the rear wheel. 

To ifurease speed in a machine, the driving pulley must 
be larger than the driven ; while to reduce speed the driih 
ing pulley must be the smaller, 

PROBLEMS 

1. What is the mechanical advantage of a lever whose resistance arm 
is 20 cm. long and effort arm 80 cm. long ? Ans. Gain in force of 4. 

2. By means of the lever in (i) an effort of 50,000 dynes moving 20 
cm. lifts a weight of 175 gm. a height of 5 cm. What is the efficiency 
of the lever ? ^7/^.85.75%. 

3. A uniform board 16 ft. long is balanced on a log. When a 
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girl weighing no lb. sits on one end of the board, where must a boy 
weighing 140 lb. sit to balance the seesaw ? A/ts, i^ ft. from other end 
of board. 

4. (a) What force is required with a system of pulleys, consisting 
of a triple fixed and double movable block, to lift a weight of 540 lb., 
the weight of the movable block being 10 lb. ? (d) What work is done 
to raise the weight 5 ft. ? Ans. (a) 1 10 lb. (d) 2750 ft. lb. * 

5. If the force required in (4) were 120 lb., what would be the effi- 
ciency of the given system of pulleys ? Ans. 91.66%. 

6. If a block weighing 5 lb. rests upon a board and will just slide 
down the board if it is inclined at an angle of 30°, what is the force of 
friction between the4)lock and board ? Ans, 2.5 lb. 

7. (a) What is the inclination of a plane when a force of 49,000 
dynes can move a mass of 70.7 gm. up the plane with uniform velocity, 
the force being parallel to the incline and the plane assumed to be 
frictionless ? (d) If the length of the plane is 100 cm., how much 
work is done in moving the mass the entire length ? Ans, (a) 45°. 
(d) .49 joule. 

8. A motor pulley 5 in. in diameter is belted with a 12 in. pulley 
on a counter shaft. An 8 in. pulley on the same counter shaft is belted 
with a 4 in. pulley on the head stock of a lathe. If the motor makes 
1500 revolutions per min., what is the speed of the lathe ? Ans. 1250 
revolutions per min. 

9. (a) The arms of a lever of the first class are 7 and 2 ft. respec- 
tively. What effort applied at the extremity of the long arm will raise 
336 kgm. applied at the end of the short arm through a height of 10 
cm. ? (d) Through what distance must the effort move ? Ans. (a) 96 
kgm. (d) 35 cm. 

10. («) In a hydraulic press, if the piston is attached to a second- 
class lever 6 in. from the fulcrum, find the pressure on the piston 
produced by a force of 10 lb. applied at the end of the lever 27 in. 
long, (d) What is the pressure on the fulcrum ? Ans. (a) 45 lb. 
(*) 35 lb. 

11. (a) In a wheel and axle, if the diameter of the wheel is 2 m. 
and the diameter of the axle 12 cm., what effort is required at the cir- 
cumference of the wheel to raise a weight of 500 kgm. attached to a 
rope wound about the axle ? (d) What work is done by the effort to 
raise the weight 10 m. ? Ans. (a) 30 kgm. (d) 49,000 joules. 
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12. A weight is raised by means of a rope passing around a hori- 
zontal cylinder 20 cm. in diameter which is turned by means of a 
crank 60 cm. long. What weight can be raised by a man using an 
effort of 35 kgm. on the handle of the crank ? Ans. 210 kgm. 

13. (a) A weight of 300 kgm. is raised by a cord passing around 
a drum 50 cm. in diameter, having on its shaft a toothed wheel also 

*5o cm. in diameter. Geared with this toothed wheel is a pinion 10 cm. 
in diameter, which is turned by a crank 30 cm. long. What effort is 
required at the crank handle ? (d) How many revolutions of the crank 
are needed to raise the weight 5 m. ? Ans. (a) 50 kgm. (d) 15.91 
revolutions. 

14. A weight of 30 lb. is to be raised by a single movable pulley. 
What effort is required (a) when the strings are parallel ? (^) when each 
string is inclined 30° to the vertical ? Ans. {a) 15 lb. (d) 17.32 lb. 

15. A weight of 400 lb. is being raised by a pair of pulley blocks 
each having 2 sheaves. The fixed end of the rope is attached to the 
upper block. If each block weighs 10 lb., what is the pressure on the 
point from which the upper block hangs ? (Neglect the weight of 
the rope.) Ans. S^^-S lb. 

16. A weight of 200 lb. is being raised by a pair of pulley blocks, 
each weighing 15 lb., the movable block having i sheave, while the 
fixed block has 2 sheaves. The fixed end* of the rope is attached 
to the movable block. What is the pressure on the point of support 
of the fixed block ? Ans. 301 1 lb. 

17. A man wishes to raise a barrel weighing 100 kgm. to a height 
of 150 cm. by rolling it along a plank 5 m. long. What effort must he 
use ? Ans. 30 kgm. 

18. The pitch of a screw is 4 mm. and the diameter of the screw is 
17.5 mm. What effort applied at the circumference of the screw will 
produce a pressure of 30 kgm. ? Ans. 2.18 kgm. 

19. What is the pitch of a screw by which an effort of 36 lb. acting 
at the end of an arm 28 in. long produces a pressure of 2 T. ? Ans. 
1.584 in. 

20. In a combination of pulleys the effort descends 96 ft. while the 
weight rises 3. What is the ratio of the effort to the weight ? Ans. 1 : 32. 

21. In a machine an effort of 35 lb. descends 17 ft. while raising, a 
weight 6 in. Find the weight. Ans. 1190 lb. 
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22. What is the efficiency of a pulley by which an effort of 50 lb. 
moving 40 ft. can raise a weight of 270 lb. 6| ft. ? Ans, 90%. 

23. If the coefficient of friction between an iron weight and a cer- 
tain board 40 in. long is ^, at what angle can the board be inclined so 
that the iron weight will just slide slowly down the board ? Ans. 14°, 
or one end of the board raised 9.7 in. 

24. If a resistance of 250 lb. is overcome by an effort of 50 lb. and 
the resistance moves 10 ft., (a) how much work is done by the effort ? 
(^) How much work is done upon the resistance ? (^) If the work is 
done in 3 sec, what power was exhibited ? Ans. (a) 2500 ft: lb. 
(d) 2500 ft. lb. (c) 1.5 1 5 h.p. 
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162. The Value of Centripetal Force. — If two bodies, A 
and B (Fig. 72 a), of equal mass are joined by a cord and 
rotated in a horizontal plane about the vertical line VOV 
as axis, and if the distances OA and OB are equal, the 
bodies will continue to rotate at the same distance from the 
axis; but if the distance OA is greater than OB, when 

the bodies are being rotated, 
the body A will gradually 
move farther from O, pulling 
body B toward O, 

From the first law of 
motion it follows that if A 
is set in motion in the direc- 
tion AQ, tangent to the 
circle at -^, it Unt/s to con- 
tinue to move in that straight 




Fig. 72 a. 



line, and to compel it to move in the circular path AS 2, 
force in the direction toward O must be continually acting 
upon it. 

The tendency of A to move away from the center O, i,e, 
to be at Q instead of at 5, is called its centrifugal tendency, 
and the force toward the center O compelling it to move 
in the circular path is called the centripetal force. 

In the first case^ the centripetal force acting on A equals 
the centrifugal tendency of B and the centripetal force 
acting on B equals the centrifugal tendency of A. 
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In the second case, the centrifugal tendency of A is 
greater than the centrifugal tendency of B which is the 
centripetal force on A^ hence 
this force is insufficient to 
balance the centrifugal ten- 
dency of A which increases 
as its distance from the axis in- 
creases. 

If two bodies, A and B 
(Fig. 72 b\ of unequal mass, m^ 
and W2, are joined by a cord 
and rotated af equal distances 
from the axis YOY\ the body A^ of larger mass, will 
have the greater centrifugal tendency and will gradu- 
ally move farther from (9, pulling B toward O, showing 
that the centripetal force required to keep a body in a 
given circular path increases with an increase of mass. 

The relation between the mass of a rotating body, its 
radius of rotation, and its centrifugal tendency is demon- 
strated by rotating the 
bodies, A and B, of 
""^^--^ mass m^ and m^, joined 

. by a cord at suchdis- 
\ ;., Y^ tances, r. and 






;o 



Fig. 73. 

the connecting cord which is 
both masses keeps 



rg, from 
the axis that Wj : Wg = 
rg : ^1 ; in which case 
the centrifugal tenden- 
cies balance (Fig. 73). 

Since in the above 

proportion m^r^ = m^r^ 

and since the tension of 

the centripetal force for 

each in a fixed circular path, it 
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follows that the centripetal force is proportional to the 
product tnr, 

163. Illustrations of Centrifugal Tendency. — That cen- 
trifugal tendency is proportional to the rotating mass is 
usefully applied in the separation of liquids of different 
densities, e,g, cream from milk, by rotating them at high 
speed in a vessel with several concentric communicating 
compartments ; the denser liquid moves into the compart- 
ment farthest from the axis, while the less dense liquid 
may be drawn off from the innermost compartment. 

The principle of increase of centrifugal tendency with 
increase of distance from the axis of rotation explains the 
spheroidal shape of the earth. The equatorial portion 
of the earth's mass is, on the average, farthest from the 
axis of rotation and hence has the greatest centrifugal 

tendency. The same principle is 
used in potteries in the shaping of 
the plastic clay. The outer rail at 
a curve in a railroad track is raised 
in order to have a component of 
the weight of the train which will 
counterbalance its centrifugal ten- 
dency. The speed governor of 
some stationary steam engines util- 
izes the centrifugal tendency of the 
bobs of a conical pendulum to reg- 
ulate the supply of steam. 

164. Pendulum. — A pendulum 
for ordinary experimenting (Fig. 
74) consists of a heavy body, called 
the bob, suspended by a cord, the weight of which is negli- 
gible, from a fixed point P about which it can swing freely. 




Fig. 74. 
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One half of the arc, AA^, through which the pendulum 
swings, or OA, is its amplitude of vibration. By a vibra- 
tion of a pendulum is meant a swing to or fro from one 
extreme of its path to the other. The time of vibration of 
a pendulum, or its period (/), is the time during which it 
makes one vibration. The length of such a pendulum for all 
practical purposes may be taken as the distance from the 
point of suspension P, to the center of gravity O of the bob. 

165. Laws of the Pendulum. — By experimenting with 
such a pendulum the following laws may be demon- 
strated : — 

1. The time of vibration is not affected by a change in 
the mass of the bob. 

2. The time of vibration is not affected by a change in 
the amplitude of vibration, provided the amplitude is small. 

3. The time of vibration is directly proportional to the 
square root of the length of the pendulum ; / oc ^7 

4. The time of vibration is inversely proportional to the 

square root of the acceleration due to gravity; / oc -:— ^. 
These laws may be expressed in the equational form , — 
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A pendulum which makes one vibration per second is 
called a seconds pendulum. 

The length of a seconds pendulum in any place may be found by 
substituting for g in the above formula its value in that place. For ex- 
ample in New York g = 980.26 cm., therefore : — 



I sec. 



= 3.1416^- 



980.26 



, 980.26 
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166. Use of the Pendulum in Clocks. — The value of the 
pendulum as a regulator of clocks lies in the fact that if 
its length is unchanged, it makes each vibration in exactly 
the same time. Its vibrations are therefore said to be 
isochronous^ i.e, in equal times. 

PROBLEMS 

1. The length of a seconds pendulum in New York is 99.32 cm.; 
what is the time of vibration of a pendulum 50 cm. long in the same 
place? Ans, .71 sec. 

2. A clock pendulum in New York is 24.83 cm. long, how many 
vibrations will it make in an hour? Ans, 7200. 

3. Two pendulums, 81 cm. and 64 cm. long respectively, are set 
vibrating together ; how soon afterward will they be vibrating together 
again? Ans, 14.45 sec. 

4. What is the length of a seconds pendulum where the gravity accel- 
eration is 978 cm. per sec. per sec? Ans. 99.1 cm. 

5. If a pendulum i m. long makes 60 vibrations per min., how many 
vibrations will a 2 m. pendulum make in the same time? Ans. 42.6. 

6. If a pendulum which beats seconds at the equator gains 1 5 sec. 
in 2 hr. when carried to the north pole, compare the force of gravity at 
the two places. Ans, i : i. 0041 7. 

7. A pendulum i m. long vibrates seconds; find the time of vibra- 
tion of {a) i m. pendulum; (b) J m. pendulum; (t) \ m. pendulum; 
{d) i m. pendulum. 

Ans ^ ^^^ •'^°'^ ^^^' ^^^ '^^ ^^^* 

1 {b) .574 sec. {d) .442 sec. 



CHAPTER IX 
SOUND 

167. Definition of Sound. — Sound is that kind of wave 
motion which is capable of causing the sensation of hearing. 
The term is used strictly in the objective sense. To hear 
sound is to become conscious, through the sensation of 
hearing, of certain external physical changes, the study of 
the nature of which constitutes the subject of Sound in 
Physics. 

168. Characteristics of Sound Waves. — This particular 
kind of wave motion consists of the formation in matter of 
successive layers of slightly greater and of slightly less than 
normal density which follow each other rapidly. For con- 
venience a layer of increased density is called a compres- 
sion, and one of decreased density is called a rarefaction. 
A wave consists of the combination of one compression 
and one rarefaction. A wave length, in any given case, is 
equal to the combined thickness of a compression and a 
rarefaction ; or, since these are of equal thickness, to double 
the thickness of a compression or of a rarefaction. The 
length of these waves ranges from a few centimeters to 
several meters according to circumstances. While these 
waves may be formed in all kinds of matter, the great 
majority and most important of them are formed in the air. 
The important characteristic of a sound wave is that the 
vibration is longitudinal, i.e. the particles of matter vibrate 
to and fro in the direction in which the wave advances. 
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169. Action of a Sounding Body. — In order to form these 
waves, i.e. produce sounds a body must impart energy to 
the surrounding contiguous matter which then becomes the 
7nedium in which the energy is propagated as sound. A 
body may thus impart energy either by vibrating rapidly 
in the medium, e.g. a tuning fork, violin string, bell, whistle, 
etc. ; or by making a single, very sudden push or impact 
against the medium, e,g, the crack of a whip, snap of an 
electric spark, report caused by a firecracker, gun or can- 
non. Bodies while acting in this way are called sounding 
bodies. By the first method a long series of successive 
sound waves is formed which, if heard, causes a sustained 
sensation lasting as long as the sounding body vibrates; 
while by the second method there is likely to be but one 
well-defined wave which would cause a single momentary 
sensation. 

The vibrations of a sounding tuning fork, violin string, 
or bell are visible or may be made so by holding a pith- 
ball pendulum against the body. The vibrations of the 
air column of a sounding organ pipe may be seen by 
lowering into the pipe a membrane upon which some sand 
has been sprinkled. Sound waves formed in air by the 
snapping of an electric spark may be photographed with 
suitable arrangements. Figure 75 shows a number of 
these photographs which were made by Professor R. W. 
Wood of Johns Hopkins University. The dark spot at 
the centers represents two small brass knobs, slightly 
separated, one being behind and therefore hidden by the 
other. The black lines extending outward from these 
spots are the rods of an electrical machine producing the 
charge which passes between the knobs as a spark, produc- 
ing a slight sound wave which may be heard as a sharp 
snap. Three successive stages of progress of one of these 
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waves are shown in a, b, and c (Fig. 75), while in d and e 
are shown two stages of such a wave after reflection from 
a plane surface, the horizontal black line being the edge of 
a plate of glass against which the wave has struck. 




Fig. 75. 

170. A Material Medium Essential for Propagation. — 

That a material medium is essential for the propagation of 
sound may be demonstrated by putting in action an electric 
bell supported by the least possible material connection 
within a bell jar from which the air is exhausted. If the 
exhaustion is very complete, nothing will be heard, showing 
that no sound is produced, because, although a vibrating 
body is ready to impart energy, there is no material medium 
in touch with it into which the energy may be received as 
sound. 
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171. Formation of Sound Waves. — To illustrate the 
character of the sound wave produced by a sounding 
body which vibrates many hundreds of times before com- 
ing to rest, suppose Fig. 76 to represent a tuning fork in 
action. 
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Fig. 76. 

In the time that a prong of the fork makes a half vibration, 
i.e. from m^ to //,, a distance of a few millimeters, the push 
which it exerts upon the air in front of it, on account of the 
elasticity of the air, is transmitted a distance m^d^, which dis- 
tance would be as much as 65 cm. if the fork were making 
256 vibrations per sec. 
Within this distance the particles of the air are crowded together 
more closely than they are normally, hence the density of the air within 
this space is above normal and is called a compression. During this 
first half vibration of the fork this space ////j, as shown in the dia- 
gram, is the only portion to which the vibratory motion of the fork 
has been transmitted, the space beyond from by^ to h^ being as yet 
unaffected. 

While the prong of the fork is moving from n^ to m^ thus completing 
its vibration, the particles of air in the portion of space mj).^^ become 
more separated than normal, as shown in II of the diagram, produc- 
ing a rarefaction ; while, by the transmission of the compression, the 
portion ^^^g ^^^ *^^ condition which the part m^d^ had in the first half 
of the vibration. 
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By the end then of the first complete vibration of the fork from m to 
n and back again to /;/, the motion of the fork has been transmitted to 




the ail' in whidi it li.is nn>[^rt\sscd as far as w^//.j* in the 
first half of which space is formed a rarefaction inj).^^ and in the second 
half a compression b.^.^^ constituting one complete wave which, it should 
be observed, has been formed during one complete vibration of the fork ; 
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and further, m^^ is the length of one wave^ and is equal to the distance 
the disturbance is propagated during one complete vibration of the fork. 

During a second vibration of the fork the disturbance will have 
progressed so far that by the end of the third half vibration it has 
the appearance of III in the diagram, and by the end of the second 
complete vibration it will have progressed a distance mji^^ in which 
space are two rarefactions and two compressions constituting two com- 
plete waves. 

Figure 77 also represents the initial formation of sound waves by a tun- 
ing fork. The uniform gray indicates a normal state of the air ; the dark 
zones, regions of compression ; and the light zones, regions of rarefaction. 
In I, the fork is shown at the extreme position of the first outward 
spring, having produced one complete layer of compression^ Q (a half 
wave). In II is shown the extreme position of the first inward spring 
with the production of one complete layer of rarefaction^ R^ (another 
half wave), the compression layer, Q, having moved forward a distance 
equal to its own thickness. These two layers constitute one complete 
sound wave which, it will be observed, was formed by and during one 
complete vibration of the fork. In III and IV the second outward and 
inward spring of the fork is shown producing a new compression, C^ 
and a new rarefaction, R^ which follow in the wake of the first. This 
process continues as long as the fork vibrates. 

172. Sound Wave from Single Impulse. — Consider next 
the character of a sound wave produced by a sudden mo- 
mentary impact, as in the case of an exploding firecracker. 
The large quantity of gas produced by the rapid combus- 
tion of the powder in the cracker, by its sudden pressure 
or impact, compresses the air on all sides of it. There is 
thus formed a layer of compression C^C^C^C^y in the shape 
of a spherical shell, as shown in Fig. 78, about the center 
of disturbance F^ which rapidly spreads farther and farther 
from this center. This layer of compression is succeeded 
by a layer of rarefaction R^R^R^R^ formed in the same 
way as with the tuning fork, which follows in the wake of 
the shell of compression. 

This succession of slightly increased and decreased den- 



SOUND 



125 



sities of the medium caused by the particles of the medium 
vibrating to and fro in the direction of propagation consti- 
tutes a sound wave. The effect upon the tympanum, or 




Fki. 78. 



ear drum, of such a rapid, though slight, change in the 
density of the air in the external ear, when communicated 
by the auditory nerve to the brain, is the production of 
the sensation of hearing, 

173. Direction of Propagation of a Sound Wave. — These 
waves exist not only in the direction of the vibration of the 
fork, as shown in the diagram, but, because an elastic fluid 
transmits a pressure equally in all directions, they exist to 
the same extent in all directions, being in the form of con- 
centric spherical shells about the prong as a center, and 
having a thickness equal to md, Fig. 76. 

The particles of the air themselves move but a small 
distance, while the wave moves relatively a large distance 
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One half of a to or fro movement of any particle is the 
amplitude of vibration just as in the case of the pendulum. 

At the instant the prong has reached the point «i, Fig. 76, the parti- 
cle at ^1 has just begun to feel the transmitted pressure, and is about to 
begin its vibration, while the particle at ^j is moving with the greatest 
velocity it ever has in the direction m^b^ making a^ a point of maximum 
density. By the time the prong has returned to m^ the particle at d^ 
has just begun to feel the transmitted pressure, and the particle at c^ has 
its maximum velocity in the direction Wj^g (toward the right), while the 
particle at a.^ has its maximum velocity in the direction d.^pi^ (toward 
the left). By the end of the first complete vibration of the fork there 
is produced at c.^ a condition of maximum density, and at a.^ a condition 
of minimum density. 

174. Velocity of Sound in Terms of Wave Length and 
Frequency. — If the Greek letter \ (pronounced lambda) 
represents a wave length, or the distance the wave travels 
during one complete vibration of the sounding body, and if 
the latter makes n vibrations per second, the total distance 
the wave travels in one second, or the velocity of sound, Vy = 
n\. The number of vibrations per second represented by n 
is called XhQ frequency of vibration, or simply \hQ frequency. 

Since v = n\ and in a given medium v is constant, it 

follows that « oc -, i.e. the frequency varies inversely as 

A, 

the wave length. 

It will be shown later that it is possible to determine experimentally 
both the value of // and of \ (in air) ; having done which, it is a simple 
matter to calculate the velocity of sound in air by this formula. (First 
Method.) 

175. Velocity of Sound in Terms of Pressure and Density. 

— The velocity of sound in any gas may be determined 

from the formula v=^—y where P is the pressure of the 
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gas on unit area expressed in absolute units of force, and 
p is its density. 

The pressure of air per unit area, under normal conditions, is 1033.6 
gm. per sq. cm. = 1033.6 x 980 = 1,012,928 tfynes per sq. cm. 

When a gas is compressed suddenly, its temperature rises, and with 
an increase of temperature the pressure is increased more than if the 
compression was more slowly produced, allowing the heat of compres- 
sion to escape by radiation, and the temperature, consequently, to 
remain constant during the compression. 

It has been experimentally determined that when the compression 
is sudden the pressure is 1.41 times as great as when the temperature 
remains constant. Since the compressions in a sound wave are pro- 
duced rapidly, the value of the pressure of the air in the wave is 1.41 
X 1,012,928 dynes = 1,428,228.48 dynes per sq. cm. The density of air 
at 0° C. and 760 mm. pressure is .001293 gm. per cc. 

Therefore the velocity of sound in air at 0° C, 



• Tj = ^ 142 22 .4 ^ V 1 104585058 = 33235 cm. = 332.35 meters 
per sec. (Second method.) 

176. Velocity of Sound in Air in Terms of Distance and 
Time. (Third Method.) — By noting the interval of time, /, 
between seeing the flash of a gun fired at a distance, D, 

and hearing the report, the velocity of sound in air, v= —, 

has been determined to be 332.4 m. or 1090 ft. per sec, at 
a temperature of 0° C. The calculated value from the for- 
mula of the second method closely agrees with this experi- 
mental result. 

177. Velocity of Sound in a Gas is Proportional to its 
Absolute Temperature. — When a gas is heated, it expands, 
and in consequence its density grows less. From the Law 
of Charles (see expansion of gases due to heat), it follows 
that the density of a gas is inversely proportional to its 
absolute temperature, or Pi' P2^^2'- ^v 
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By the formula given in the second method for velocity 
of sound, the velocity is inversely proportional to the square 
root of the density, the value of P being considered un- 
changed, i,e, V\ : V^ = Vol • V^- Taking the square root 
of each term of the first proportion and inverting each ratio, 
V^ • V^ = VT^ •• V7\. Substituting, V^ : V^= VT^ : VTj. 
i.e, the velocity of sound in a gas is directly proportional 
to the square root of its absolute temperature. 

Let Fo= the velocity of sound in air at o° C. (332 m. per sec), and let 
F, = the velocity at a temperature /° C. The absolute temperature of 
0° C. = 273 + o = 273° ; the absolute temperature of /° C. = 273 -I- /°. 

Substituting in the above direct proportion between the velocity of 
sound and the square root of the absolute temperature, 



^o:^r= V27^:V273-f/°. 

178. Temperature Coefficient for Velocity of Sound. — To find the 
velocity of sound in air at a temperature of 10° C. Substitute for F^, 
332 m. per sec, and for /° C, 10° C, 



332 : Fjoo = \/273 : V273 + ^o- 

332V283 332(16.8226) „ 

^■»' = Vl^ = .6.5327 = 33»-°3 >«• P^r ^<=- 

Similarly, for the velocity of sound in air at a temperature of 20° C, 

332V^2Q3 332(17.1172) 

The increase in the velocity for a rise of 10° above o°C. = 338.03 
— 332.00 = 6.03 m. per sec, or .603 m. per sec for an average increase 
per 1° rise in temperature. The increase in velocity for 20° rise above 
0° = 343.94 — 332 = 1 1.94 m. per sec, or .597 m. per sec for an average 
increase per 1° rise in temperature. 

The mean of these two averages is .6 m. (= 2 ft.) per sec, which 
can be used as a very approximate value for the increase in the velocity 
of sound in air for each degree of rise in temperature above 0° C. It 
is called the temperaUire coefficient of the velocity of sound in air. 
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179. Velocity Independent of Atmospheric Pressure. — 



z/ = \/-, if 



Since in any gas z/ = \— , if the values of P and p change 

the same relatively, the value of v is constant, for the value 

p 
of the fraction — is unchanged. Any change in the pres- 

P 
sure of the atmosphere changes the elastic force of the air, 

/which always equals the pressure upon it, and its density 

in the same ratio ; therefore the velocity of sound in air is 

not affected by variations in the atmospheric pressure. At 

the same temperature the velocity of sound at the top of a 

mountain is the same as it is in the valley below. 

180. Velocity of Sound in Liquids and Solids. — The 
velocity of sound in liquids is greater than in gases, the 
velocity in water at 4® C. being 1400 m. per sec, or about 4 
times the velocity in air. The velocity of sound in most 
solids is still greater, the value of v in iron being 5093 m. 
per sec, or approximately 1 5 times the velocity in air. 

181. Reflected Sound; Echo. — Sound is reflected from 
surfaces just as light is reflected. When a reflected sound 
is heard and is recognized as such, it is called an echo. If 
a person produces a sound, e,g, shouts, or claps his hands, 
or fires a pistol, and hears the echo, the distance, /, of the 
reflecting surface from him may be calculated by noting 
the time, /, between the production of the sound and 
the hearing of the echo ; for in this case the sound has 
traveled the distance / in going to the reflecting surface, 
and the same distance again in returning, making a total 
distance, 2/; then, 

^ = _,or/ = -. 

In order that an echo may be distinctly heard, the dis- 
tance / must be great enough to give a perceptible inter- 
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val between the time of hearing the original sound, which 
is practically instantaneous if the experimenter produces 
the sound, and the time of hearing the echo. 

182. Tone and Noise. — Naturally many of the character- 
istics of sound are best studied through and by the aid of 
the sensation of hearing which, it causes. Outside of the 
mind there is no such thing as noise^ or toncy or music con- 
sidered as a pleasing sequence and combination of tones ; 
but certain external physical changes occur which give rise 
to these sensations, and these terms are therefore used in 
the subjective sense. 

If the frequency of a sounding body (and consequently 
the frequency of the sound waves produced by it) is uni- 
fonuy and not less than about i6 nor more than 40,0CX), the 
sensation produced is a musical tone. If, on the contrary, 
the disturbances are non-periodic or isolated, e.g. footsteps 
on a bare floor, or an explosion, the sensation is discontinu- 
ous or momentary, and is called a noise. 

183. Characteristics of Tones. — There are three char- 
acteristics by which tones are distinguished from one 
another, viz.: loudness, pitch, and quality {timbre). 

Loudness refers to the intensity of the sensation. Thus a 
tone is said to be faint or loud according to the degree to 
which the sensation is excited. 

Pitch refers to the graveness or acuteness of the sensa- 
tion. A grave tone is said to have a low pitch while an 
acute tone is one of high pitch. 

Quality refers to the degree of complexity of the sensa- 
tion and, generally, it is this characteristic of a tone which 
betrays the nature of the sounding body. 

184. Characteristics Due to Physical Conditions. — Loud- 
ness depends upon the rate at which the kinetic energy 
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of sound is received into the ear ; and this in turn depends 
upon two conditions : ( i ) the rate at which such energy 
is imparted to the medium by the sounding body, and 
(2) the distance of that body from the ear. 

(i) If a certain quantity of kinetic energy, KE, is given 
to a sounding body whose mass, w, is fixed and whose 
mean velocity of vibration is z/, its kinetic energy, KE = 
\ mv^. As V dies down to zero, the KE of the body becomes 
zero, ue, disappears from the body and at the same time 
reappears in part as kinetic energy of sound in the sur- 
rounding medium. If, now, a greater quantity of energy 
is put into the body, the value of v is greater since m 
remains unchanged, and this means that the amplitude 
(not the frequency) of vibration of the sounding body is 
increased. This produces greater amplitude in the vibrat- 
ing medium which in turn causes a more intense sensa- 
tion. This may be illustrated by touching a key of a piano, 
first gently, then vigorously, and listening to the effect 
resulting from giving to the sounding body a greater quan- 
tity of kinetic energy. 

Again, if- the mass m of the sounding body is increased, 
e,g. when the stem of a vibrating tuning fork is held against 
a box which then, to some extent, vibrates with it, v will 
die down more rapidly because of the greater area of the 
sounding body in contact with the medium into which 
the energy is received at a correspondingly higher rate ; 
hence a louder tone. The sounding board or the body of 
a musical instrument is constructed on this principle. 

(2) A spherical sound wave moving rapidly outward in all 
directions from a sounding body possesses a certain definite 
quantity of energy which the sounding body imparted to 
it and which remains practically unchanged for a consid- 
erable distance. Since the area of a spherical surface is 
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4 TTf^, the area of the wave increases as the square of the 
radius or distance from the source. From this it follows 
that tAe quantity of sound energy per unit area^ which de- 
termines the degree of loudness^ varies inversely as the 
sqtmre of the distance from the sounding body. 

This law applies in general to energy radiating from a 
point source and is called the law of inverse squares. 

185. Pitch. — Pitch depends upon the frequency of the 
sound wave in the medium in contact with the ear, and this, 
in turn, generally depends upon the frequency of the 
sounding body. The pitch of a tone becomes more acute 
as the frequency of vibration becomes greater and, con- 
versely, it grows more grave as the frequency decreases. 

186. Experimental Determination of Frequency. — The 

frequency of a tuning fork may be found by attaching a 




Fig. 79. 

Stylus to one of its prongs and, while the fork is vibrating, 
drawing it over a smoked glass plate upon which is being 
made at the same time a trace by a second stylus attached 
to a vibrating pendulum whose period is known ; the num- 
ber of fork vibrations to each pendulum vibration is shown 
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on the glass, and this number divided by the period of the 
pendulum equals the frequency of the fork (Fig. 79). 

187. Another method of finding the frequency of any 
sounding body is to force a current of air through regu- 
larly spaced holes in a disk which 
is revolved at such speed that the 
tone given by this instrument, called 
a siren (Figs. 80 and 81), is in unison 
with, i,e. has the same pitch as, the 
tone given by the sounding body. 
The product of the number of holes 
in the disk and the number of revo- 
lutions it makes per second equals 
the number of separate puffs of 
air (each producing a sound wave) 
made per second, and therefore equals 
the frequency of the sound waves 
formed by either sounding body. ^^^- ^ 

188. Range of Hearing. — Investigation shows that the 
sensation will not be a smooth, continuous tone unless the 
frequency is higher than about 16, and that if the fre- 
quency is gradually increased, the pitch of the tone rises 
higher and higher, becoming exceedingly acute and finally 
inaudible when the frequency has reached about 40,000. 

189. Intervals. — Between two tones differing in pitch 
there is said to be an interval^ and the value of this interval 
is the ratio of the frequencies of the two tones. 

If the attention is fixed on a tone of any pitch and the 
frequency is then increased, there will be recognized, occur- 
ring periodically as the pitch rises, other tones the pitch 
of which seems to bear a simple, harmonious relation to 
the first. The interval which separates the most conspic- 
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uous of these closely related tones is called the interval of 
the octave. If the frequencies of the tones giving that 
interval are determined, which is easily done by means of 
the siren, they are found to be in the simple ratio of 
1:2:4:8:16, etc., i,e, each of a series of tones separated 
by the interval of the octave is produced by double the 
frequency of the preceding lower tone, or by half the 
frequency of the next higher tone. 




Fig. 81. 




Other intervals besides -that of the octave are also easily 
recognized and whenever this is the case, the frequencies 
giving such intervals are found to bear simple ratios to 
each other : the smaller the terms of the ratio the simpler 
the interval. Thus 3 : 2 is the ratio of the frequencies 
giving the interval of the fifth ; 4 : 3, the interval of the 
fourth ; 5:4, the interval of the third ; 5 : 3 the interval 
of the sixth ; etc. 

Furthermore, if the tones defining such intervals are 
heard together, the effect of the combination has a pleas- 
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ing simplicity corresponding to the smallness of the terms 
of the frequency ratios. 

The musical intervals arranged in the order of their 
simplicity are as follows: — 

J. Interval of the Octave, frequency ratio 2:1. 

2. Interval of the Fifth, frequency ratio 3 : 2. 

3. Interval of the Fourth, frequency ratio 4 : 3. 

4. Interval of the Major Third, frequency ratio 5 : 4. 

5. Interval of the Major Sixth, frequency ratio 5 : 3. 

6. Interval of the Minor Third, frequency ratio 6:5, 

7. Interval of the Minor Sixth, frequency ratio 8 : 5. 

8. Interval of the Major Second, freqi\f ncy ratio 9:8. 

9. Interval of the Major Seventh, frequency ratio 15:8. 

etc., etc. 

It has been shown by Von Helmholtz, a noted German 
scientist, that the simplicity of any combination of tones 
depends upon the absence of beats accompanying the 
tones or their harmonics. This is explained later under 
the subject of interference. 

190. Chords: Major and Minor. — A combination of two 
or more tones whose frequency ratios are small, is a chord. 
If the frequency ratios of three tones are 4:5:6, they 
constitute a major chord ; if 10 : 12 : 15, they constitute a 
minor chord. 

191. The Musical Scale. — The major diatonic, or 
natural scale, is a series of eight tones within the interval 
of the octave as follows : — 



Tone 


C3 


D, 


E, 


F, 


G, 


A, 


B, 


C4 


Frequency 


256 


288 


320 


341 J 


384 


426I 


480 


512 


Frequency Ratios 


I 


f 


4 


t 


i . 


* 


¥ 


2 


or, 


24 : 


27 : 


30 ; 


; 32 : 


36 


: 40 : 


45 : 


48 



The frequency ratios of these eight tones are the same 
for each octave above or below the octave C3-C4. The 



D-E, 


E-F, 


F-G, 


G-A, 


A-B, 


B-C 


¥ 


H 


{ 


¥ 


i 


a 
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groups of tones, Cg-Eg-Gg, Gg-Bg-D^, Fg-Ag-C^, are major 
chords since their frequencies reduce to the ratios 4:5:6 
in each case; consequently the major diatonic scale may 
be regarded as built up of three major chords interre- 
lated as shown above. 

The ratios of the frequencies defining each of the succes- 
sive intervals in the scale are : — 

C-D, 

i 

It is apparent that these intervals are unequal. The two, 
E-F and B-C, being rftuch smaller than the others, are 
called half intervals or '^semitones'' ; the others are called 
whole intervals or " whole tones'' , 

192. The Chromatic Scale. — Such musical instruments as 
a piano or organ have a ** fixed " keyboard and in order to 
produce the scale just described, beginning with any other 
tone than C, it would be necessary to insert several extra 
tones in each interval. That tone having a frequency 
II of the tone C is called the "sharp" of that tone, and is 
written C ^ ; another tone having a frequency |4 of the next 
tone D is called the " flat " of that tone, written D . The 
frequency of C^ is \\ of 256=266.6; the frequency of 
Dg is 11 of 288^276.5. 

To insert all the required tones would increase the 
original eight tones to such a number that the keyboard 
would be very awkward ; hence a compromise is effected by 
inserting only one additional tone in each whole interval, 
making the number of tones in the scale thirteen in all ; and 
each half interval is made to have the same value. Since in 
the scale of thirteen tones there are twelve half intervals 
and the upper tone of this scale has double the fre- 
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quency of the first tone, each half interval has the ratio 
I : ^2 = I : 1.059. 

To equalize the intervals of a scale in this manner is 
called tempering, and the scale is then known as the equally 
tempered scale. 

The following is a comparison of the equally tempered 
scale with the major diatonic scale, beginning with 03=256. 



Equally Tempered Scale 



Major Diatonic Scale 



Tone 



Frequency 



Tone 



Frequency 



Cs'or D,|7 

Ds 
Ds'orEjt? 

E, 

F, 

Fa* gr Gjb 

G, 

Gg'or Agb 

A, 

As*orB,b 

Ba 



256 X 


[.059" 


256 X 


[.059' 


256 X 


[.059' 


256 X 


1.059" 


256 X 


1.059* 


256 X 


1.059' 


256 X 


1.059' 


256 X 


1.059' 


256 X 


1.059^ 


256 X 


1.059" 


256 x^ 


1:^59" 


256 X 


1.059" 


256 X 


^.059^^ 



; 256 

: 271.2 
: 287.4 
■■ 304-4 

: 322-5 
= 341-7 
: 362.0 

: 383-6 
1406.4 

= 430-6 
: 456.1 

= 483 -3 

= 512 



lEst> 
Ea 



fFa* 

lGat> 

G, 

fGa« 
lAsb 

A3 
[Aa* 
I Bab 

Ba 

C4 , 



256 
256 
288 
256 
288 
320 
256 
256 

341.3 X Vk-- 

384 X \\ : 
256 X J : 

384 X \\ = 

426.6 X \\ : 
256 X J : 
426.6 X iJ : 



X I : 
Xlf: 
XiJ: 
X J: 

X l\ ■- 
X U- 

X J: 
X 1 = 



.) 



480 

256 • X V 

256. X 2 



1 = 



256 

266.6 

276.5 

288 

300 

307 

320 

341.3 

355-5 1 
368.6} 

384 

400 I 
^09-5 J 
426.6 

444.4 1 
460.8 1 
480 
512 



From the mathematical nature of the musical scale it 
will readily be seen that if the pitch of a tone is not indi- 
cated in terms of its frequency, it may be designated by 
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reference to its position in the scale. To the musician who 
has the sense of "absolute pitch," Fj means a certain tone 
the pitch of which has a fixed value and bears definite rela- 
tions to that of other tones ; while to the physicist it means 
a tone caused by sound the frequency of which is 341.3. 

The equally tempered scale of modern musical instru- 
ments is based upon the international pitch of A3 as 
435. This gives Cg a frequency of 258.6. The fre- 
quency 256 (= 2®) is taken for C3 in the physical study of 
sound. 

193. Quality. — Quality depends upon the complexity 
of the wave in the transmitting medium, and this in turn 
upon the manner in which the sounding body vibrates. 
When a tuning fork is properly handled, each prong has 
a simple to and fro motion as a whole, like the pendulum, 
and the sound waves formed by it are in consequence per- 
fectly simple and well defined, giving a tone of the sim- 
plest quality that can be produced. Most sounding bodies, 
however, vibrate not only as a whole, but also in parts 
which are the simplest subdivisions of the whole. Each 
of these vibrating parts produces its own set of waves, all 
of which coexist in the medium as a complex wave whose 
form«is the resultant of the several separate vibrations. 
Such a sound wave causes a complex sensation, consisting 
of what is called the fundamental tone, due to the vibration 
of the body .as a whole, and of what are known as the 
harmonics, due to the vibrating parts. These parts, being 
\, \, \, \, \, etc., of the whole vibrating body, have fre- 
quencies inversely proportional to their lengths, viz. : 2, 3, 
4, 5, 6, etc., times that of the fundamental tone. The ' 
harmonics are, therefore, related to the fundamental by 
certain definite intervals as follows: — 
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Frbqubncy Ratio 
WITH Fundamental Toot 


I Intbrval 


1st harmonic . 


2:1 


I octave 


2d hannonic . 


3:1 


I octave and a fifth 


«3d harmonic . 


4:1 


2 octaves 


4th harmonic . 


. . 5:1 


2 octaves and a third 


5th harmonic . 


. . 6:1 


2 octaves and a fifth 


etc., 


etc., 


etc. 



No two sounding bodies vibrate in parts in exactly the 
same way, owing to difference in size^ shape or material ; 
hence the number and relative intensity of the resulting 
harmonics are never quite duplicated. Therefore the com- 
plexity of the tone produced, Le. its qtuility, is character- 
istic of each sounding body. 

The qtkility of tone of two musical instruments may, how- 
ever, be made practically identical if great care is taken to 
construct them alike as to size, shape, and material. It is 
this characteristic of quality which enables one to recognize 
the many different instruments in a full orchestra, even 
should the tones be of the same pitch and loudness; or by 
which one distinguishes the voices of friends, or in which 
lies the many-fold value of one violin over another. 

194. Resonance. — If sound waves from two independent 
sources in passing simultaneously through the same medium 
coincide in phase, i.e. each compression of one set of waves 
joins with each compression of the other set, the amplitude 
of vibration of the parts of the medium is the sum of the 
amplitudes which each wave has separately and conse- 
quently the sound is strengthened or reinforced. This phe- 
nomenon is called resonance, 

195. Interference. — If, on the contrary, the t\^o sets of 
waves are opposite in phase, i,e, the corppressions of one 
set join with the rarefactions of the other set, the resultant 



I40 PHYSICS 

amplitude is the difference of the amplitudes of the two 
waves separately and the sound is consequently weakened. 
This phenomenon is called interference, 

# 

196. Length of Resonating Air Column. — If a vibrating 

tuning-fork is held over the open end of a tube filled with 
air and closed at the other end in such a manner that the 
length of the air column in the tube may be adjusted, it is 
found that there is a certain length of air column which, 
by its vibration, reenforces the sound of the fork. This 
length of the air column is equal to one fourth of the length 
of the sound wave produced by the fork for the following 
reason : — 

Referring back to Fig. 76, it will be seen that while the prong of the 
fork is moving from m^ to n^ the air in the space mj)^ or d^^ is moving 
in the same direction, and while the prong is moving from n^ to m^ the 
air in the space mj)^ or d^^ is moving in the direction n^^. Now 
;//3^3, i/g/g, z///^, ^4/4, are each equal to one half a wave length ; there- 
fore, while the fork is vibrating over a tube containing a column of air, 
from position m^ to ;/.„ the wave travels through the air in the tube to 
the closed end and back again, a distance of one half a wave length. 
Hence the length of an air column which is vibrating with a fork so as 
to produce a wave in the same phase is one fourth of the length of the 
sound wave generated by the fork. 

197. Relation of Frequency to Length of Air Column. — 

Since the length of the vibrating air column in a tube closed 
at one end is one fourth that of the corresponding sound 
wave, notmatter what that length may be, it follows that 
the wave length varies directly as the length of the column. 

But \ oc - ; therefore the frequency varies inversely as the 

length of the column^ which means that the shorter the 
column the higher the pitch of the tone produced by it. A 
column one half the length of another will give a tone an 
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octave higher, while one one third as long will give a tone of 
an interval of an octave and a fifth, and so on. On account 
of the inertia of the air in the column vibrating with the 
fork, the actual length of the column extends somewhat 
beyond the open end of the tube, the distance increasing 
as the diameter of the tube increases and amounting to 
about .4 of the diameter. Therefore to obtain the actual 
length of the column, add .4 of the diameter of the tube to 
the length of the tube. If L is the length and D the diam- 
eter of a tube, then the wave length, \ = 4 (Z 4- .4 D), 

198. Laws of Vibrating Air Columns. — A tube open at 
one end and closed at the other is called a "closed pipe"; 
one open at both ends, an "open pipe," 
Fig. 82. 

Experiment gives the following re- 
sults : — 

1. The frequency of the tone of a closed 
pipe is one half that of an open pipe of 
the same length. Consequently the in- 
terval of the tones produced by two such 
pipes is an octave, the lower tone being 
given by the closed pipe. 

2. The frequency of the tone emitted 
by either open or closed pipes is in- 
versely proportional to the length of the 
pipe. 

As a corollary from (i) it follows that, 
since a closed pipe is one fourth of the ^ig. 82 

length of the sound wave it produces, 
an open pipe is one half as long as the wave it produces. 

Example. — If a closed pipe 65 cm. long gives the tone Cg 128, 
what tone will be produced by an open pipe 130 cm. long ? By the 2d 
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law it follows that a closed pipe 130 cm. long would produce the tone 
C^ 64 and since an open pipe of the same length gives a tone an octave 
higher, an open pipe 130 cm. long will produce the tone Cj 128. 

199. Laws of Vibrating Strings. — By a vibrating string 
is meant any string or wire stretched between two points 
or supports so that it may be made to vibrate freely, e.g. 




Fig. 83. 

a violin or guitar string, a piano or sonometer wire, as 
shown in Fig. 83. 

The following results are determined by experiment with 
vibrating strings : — 

Other conditions being the same ; — 

1. The frequency is inversely proportional to the length 

(/) of the string: «oci- 

2. The frequency is inversely proportional to the diame- 
ter {d) of the string : « oc^- 

d 

3. The frequency is directly proportional to the square 
root of the tension^ r (pronounced tau)^ of the string : n oc Vr. 

4. The frequency is inversely proportional to the square 

root of the density (p) of the string : n oc — • 

These laws may be condensed into one statement as 
follows: The frequency is directly proportional to the 
square root of the tension and inversely proportional to 
the continued product of the length, the diameter, and the 

square root of the density : n oc ^ 

^ id:^P 
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Example. — If a steel wire 60 cm. long, .25 mm. diameter under a 
tension of 4 kgm., will give the tone Gg 192, what tone will be produced 
by a steel wire 40.9 cm. long, .33 mm. diameter when under a tension 
of 9 kgm. ? 

_ "^ . ^2 

V4 Vo 

60 X .25 X vp 40.9 X .33 X Vp 

2 3 

IS^P 13-497 vp 
2 //g^ ^ 576 
iSv^P 13497 v^ 
26.994 «2 Vp = 8640 Vp. 

26.994 «2 = 8640. 

«g = 320, which is £"3. 

200. Beats. — Two sounding bodies whose frequencies 
differ but little will form two sets of waves of slightly dif- 
ferent length which will periodically coincide in phase, al- 
ternately reehforcing and interfering with each other. An 
analogous illustration is seen in the steps of two persons 
walking together if one takes shorter and more rapid steps 
than the other. Periodically the right feet (or the left feet) 
of both persons will move together: this corresponds to 
coincidence in phase of the sound waves ; but at the middle 
of these periods the right foot of one and the left foot of the 
other person will move together, and this is analogous to 
interference in the sound waves. When such a wave com- 
bination is heard, the loudness varies periodically, corre- 
sponding to the reenforcements and interferences, giving 
to the sensation a throbbing or beating effect. Such vari- 
ations in loudness are called beats. 

It is evident in the case of two persons walking together 
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that if one takes 50 double steps per minute and the other 
takes 49 or 51 such steps in the same time, they will be 
perfectly "in step" just once each minute; and again, if 
one takes 50 and the other either 48 or 52 steps per min- 
ute, they will be **in step** twice each minute and so on ; 
i.e, the difference in the number of steps per minute is the 
number of times they will be " in step ** each minute. In 
the case of sound waves alternately reenforcing and inter- 
• f ering with each other the number of beats per second is 
equal to the difference of the frequencies. 

The harmony or discord of tones heard together is due 
to the absence or presence of beats between the tones or 
their harmonics. 

PROBLEMS 

• 

1. A cannon ball is fired against a target 2 mi. distant with an 
average velocity of 1200 ft. per sec. {a) Which reaches the target 
first, the ball or the sound of the firing? (Ji) What is the interval of 
time between the two arrivals if the temperature of the air is 16° C? 
Ans, {a) The ball, {b) .61 sec. 

2. A flash of lightning is seen and 6 sec. later the thunder is heard. 
How far away was the lightning, the temperature being 24° C. ? Ans. 
2080.8 m. 

3. A tuning fork vibrates 384 times per sec. Neglecting the diame- 
ter, what is the length of the tube which will produce maximum reso- 
nance with this fork at a temperature of 0° C? Ans, 21.64 cm. 

4. What is the length of the sound wave in air produced by a body 
whose frequency is 384, the temperature being 20° C. ? Ans, 89.7 cm. 

5. What is the length of the air column in a closed pipe 6 cm. in 
diameter at a temperature of 25° C. which will reenforce the tone E3 320? 
Ans. 24.74 cm. 

6. Write the major chord beginning with the tone Bg 480, and show 
that the frequencies give the required ratios. Ans, B3-DII4-FJI4. 

7. Write the major diatonic scale in the key of G and show that the 
intervals are correctly given. Ans. Qi^-\^-'^.,-^^T>f-Y.f-Y^f-0^. 

8. Write the minor chord beginning with the tone A3 426.6, and 
prove your answer. Ans. A37C4-E4. 
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9. If two fifths of a second is required to say " hello " and if imme- 
dicUely after shouting it the echo of these two syllables is distinctly 
heard, what is the distance of the reflecting surface from you, the tem- 
perature of the air being 12° C? Ans» 67.92 m. 

10. What are the frequencies of the sounds each of which will pro- 
duce 4 beats per sec. with the tone C4 512.'* Ans. 508 and 516. 

11. If a dosed pipe 4 ft. long gives the tone D| 72, what tone will 
an open pipe 3 ft. long give? Ans, Gj 192. 

12. If a steel wire 50 cm. long, .25 mm. in diameter under a tension 
of 4 kgm., will produce the tone Eg 320, what tension on a steel wire 
30 cm. long, 40 mm. in diameter, will produce the tone Cg 256? 

Ans, 2..2fi kgm. 

13. The second harmonics of two tones have th^ ratio \\, What is 
the ratio of their fundamentals? Ans, Same ratio. 

14. What is the frequency of the tone which is a fifth above Ag 426.6? 
Ans, E4 640. 

15. What is the frequency ratio of the tones Cg and A^g? Ans, \, 

16. {a) What tone is a major third above B^g? {b) What is the 
frequency ratio of the interval B3-D4? Ans, {a) D^. (^) \, 

17. When the tones Cg 128 and Bj 240 are sounded together, how 
many beats per second are produced between Bj and the first harmonic 
of C2? Ans, 16. 

18. Write the minor chord beginning with Et^g. 

Ans. Et^g-Gl7g-B!?g. 

19. If two tuning forks, vibrating respectively 256 and 252 times per 
second, are simultaneously sounded near each other, what phenomena 
will follow ? Ans, 4 beats per sec. 

20. A musical string, known to vibrate 300 times a second, gives a 
certain tone. A second string, sounded a moment later, seems to give 
the same tone. When sounded together, two beats per second are 
noticeable. Are the strings in unison ? If not, what is the rate of 
vibration of the second string ? Ans. 298 or 302. 

21. A tuning fork produces a strong resonance when held over a jar 
14 in. long and 4 in. in diameter, {a) Find the wave- length, {b) Find 
the wave period. Ans, (a) 624 in. (d) .057 sec. at 0° C. 

22. A certain string vibrates 200 times a second, (a) Find the 
vibration number of a similar string, twice as long, stretched by the 
same weight, (d) Of one that is half as long. 

'Ans. (a) 100. (d) 400. 
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23. A string sounding C3 is 54 cm. long. Must it be lengthened or 
shortened and how much to give the tone D, ? j4ns. 6 cm. shorter. 

24. A certain string vibrates 200 times per sec. Find the vibration 
number of another string that is twice as long, and weighs four times as 
much per foot, and is stretched by the same weight. Ans>, 50. 

25. A certain string sounds the tone Cj when it is stretched by a 
weight of 4 kgm. What weight must it carry to give the tone F, ? 
Ans, 7 J kgm. 

26. A musical string 5 ft. long emits a tone in unison with that of a 
fork that is known to vibrate 128 times a second. What will its vibra- 
tion number be when it has been shortened 2ft.? Ans, 21 3 J. 

27. A sonometer string is stretched by a load of 9 lb. What load 
must be given to itiso that it may sound a tone an octave lower ? Ans. 
2t lb. 

28. (a) Find the length of an organ pipe which produces waves 2 ft. 
long, the pipe being open at both ends, (d) Find the length, the pipe 
being closed at one end. Ans, (a) i ft. (d) 6 in. 

29. If a musical sound is due to 288 vibrations, to how many vibra- 
tions will its major third, fifth, and octave, respectively, be due ? Ans. 
360, 432, 576. 

30. If a tone is produced by 132 vibrations per sec, what number will 
represent the vibrations of the tone a fifth above its octave ? Ans. 396. 

31. A given tone is found to be in unison with the tone emitted by 
the inner row of 24 holes of a siren when the disk is turned at the uni- 
form rate of 640 times in 30 sec. Assigning 256 vibrations for mid- 
dle C, name the given tone. Ans, C^. 

32. Determine the vibration number for each tone of a scale the 
keynote of which has 522 vibrations. 

33. Is there any difference in the pitch of a locomotive whistle when 
the locomotive is standing still, when it is rapidly approaching the 
observer, and when it is rapidly moving from him ? If so, describe and 
explain it. 

34. Why does the sound of a circular saw cutting through a board 
fall in pitch as the saw enters the board ? 

35. If 10 sec. intervene between the flash and report of a cannon, 
what is its distance, the temperature being 0° C. ? Ans, 10,900 ft. 

36. Steam was seen to escape from the whistle of a ferryboat, and 
the sound was heard 4 sec. later. The temperature being 20° C, how 
far was the boat from the observer ? Ans. 4520 ft. 
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37. What is the length of sound waves propagated through air at a 
temperature of 20° C. by a tuning fork that vibrates 1 13 times per sec. ? 
Ans. 10 ft. 

38. A shot is fired before a cliff and the echo heard 5 sec. later. 
The temperature being 10° C, determine the distance of the cliff. Ans. 
2770 ft. 

39. How many vibrations per second are necessary for the forma- 
tion of sound waves 2 ft. long, the velocity of sound being 11 00 ft. ? 
Determine the temperature at the time of the experiment. Ans, 550. 
5°C. 



CHAPTER X 
HEAT 

201. Definition of Heat. — Heat is molecular kinetic 
energy y i,e, the energy of the vibrating molecules of 
matter. When a bullet strikes an iron target its motion is 
suddenly stopped and it becomes hot. The kinetic energy 
of the mass disappears, being changed into kinetic energy 
of the molecules. The kinetic theory of matter affirms 
that the molecules of a body are in motion. A body pos- 
sesses energy owing to this molecular motion; the more 
rapidly the molecules move, the greater is their energy 
and the hotter is the body. 

202. Temperature. — The distinction between hot and 
cold bodies is familiar to all, and is associated with the 
difference of the sensations experienced in touching vari- 
ous bodies, according as they are hot, warm, cool, or cold. 
These words refer to the state of a body which is desig- 
nated by the term temperature. Hot bodies are said to have 
a high temperature, and cold bodies a low temperature. 

If the temperature of a body is higher than that of the 
surrounding bodies, it loses heat to them. If the tempera- 
ture is lower than that of the surrounding bodies, it gains 
heat from them. If the body neither gains nor loses heat, 
it is at the same temperature as the surrounding bodies. 

203. Definition of Temperature. — The temperature of a 
body is its thermal state considered with reference to its 
ability to give heat to or to receive heat from other bodies. 

14S 
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Since kinetic energy equals ^ mv^, the temperature of a 
given mass is determined by the mean square of the 
velocities of its molecules, and a change of temperature 
is proportional to the change of the mean square of the 
velocities of the molecules. 

204. Temperature not a Measure of the Quantity of Heat. 

— Bodies at equal temperatures do not necessarily possess 
equal quantities of heat ; nor does a body of higher temper- 
ature necessarily possess more heat than another body of 
lower temperature. A cupful of water dipped from a 
pail of water will have the same temperature as the water 
in the pail, but, owing to its smaller mass, will not possess 
the same quantity of heat. Temperature is only one of 
several factors determining the quantity of heat contained 
in any body. 

205. Measurement of Temperature. — The thermal state 
of a body may vary consecutively from very hot to very 
cold, and some means must be devised to measure and 
express these temperatures. Temperature cannot be meas- 
ured directly, for there is no way of measuring the velocity 
of the molecule. The sensations cannot be relied upon, for 
if one hand be placed in hot water and ^the other in cold 
water, and then both are placed together in warm water, 
the warm water will seem hot to the hand that was in 
the cold water and cold to the hand that was in the hot 
water. Use must be made, then, of some property of a 
substance which alters continuously with the temperature. 

The volume of most substances increases continuously 
as the temperature rises, and this property is usually em- 
ployed to measure the temperature of a body. Mercury 
and glass both expand when heated, but the expansion of 
mercury is greater than the expansion of glass. If a bulb 
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of glass, with a fine tube attached, is filled with mercury 
and then heated, both glass and mercury .will expand ; 
the capacity of the bulb increases, but the volume 
of the mercury increases still more, so that not 
only the bulb, but part of the tube also, will be 
filled. As the temperature is increased, more 
and more of the tube becomes filled with the 
mercury. 

A thermometer is an instrument used for meas- 
uring temperature, its action being based on the 
change of volume which accompanies a change 
of temperature. 

206. Construction of a Mercury Thermometer. — 

A glass tube with heavy walls and having a 
very fine bore has a bulb blown at one end 
and a small cup at the other (Fig. 84). The 
tube is held upright and a little mercury is 
poured into the cup ; but owing to the fine- 
ness of the bore, the mercury will not run 
into the tube, and so the following method 
Fig. 84. is used to fill the thermometer. The bulb 
is heated so as to expand the air in it and cause 
some to escape through the mercury in the cup; 
as the air in the bulb cools some mercury is 
forced by the atmospheric pressure into the tube 
and bulb. To expel the remainder of the air, the 
mercury now in the bulb is heated until it boils, 
when the air, along with the vapor of mercury, 
escapes. After the boiling ceases and the mercury 
cools slightly, more of the mercury from the cup 
runs into the tube and completely fills both bulb and 
tube; the tube is then sealed at the top (Fig. 85). fig. 85. 
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When the mercury contracts by further cooling, the space 
above it is free from air. 

207. Graduation of the Thermometer. — Experiments 
have proved that under constant pressure the temperatures 
of melting ice and of steam are constant. These tempera- 
tures are known as the fixed points^ and are used in com- 
paring and graduating thermometers. A thermometer after 
being filled and sealed is laid aside for some months. It 
is then placed in finely crushed melting ice 
so that the mercury is entirely surrounded by 
the ice. The position of the top of the mer- 
cury column is then marked on the glass. 

The thermometer is next placed in steam at 
a pressure of 760 mm., and the new position of 
the top of the mercury column is again marked. 
The distance between these two marks is gradu- 
ated into a number of equal divisions called 
degrees. The graduations are extended above 
the boiling and below the melting points. 

208. Thermometer Scales. — Two scales of 
temperature are in general use, the Centigrade 
and the Fahrenheit. In the Centigrade scale 
the temperature of, melting ice is marked zero m^Tija 
(0°) and that of steam 100''. The distance 
between them is divided into one hundred 
equal parts called Centigrade degrees. In the 
Fahrenheit scale the temperature of melting 
ice is marked 32° and that of steam 212^ The 
distance between these two points is divided 
into 180 equal divisions known as Fahrenheit 
degrees. Temperatures below o'' in both scales are nega- 
tive (Fig. 86). 
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Comparison of Temperature Scales. — Since i8o 
Fahrenheit degrees represent the same temperature change 
{i,e. from melting to boiling point) as icx) Centigrade 
degrees, each Fahrenheit degree represents ^ of the tem- 
perature change that each Centigrade degree represents; 
and conversely each Centigrade degree represents ^ of the 
temperature change of a Fahrenheit degree. 

A temperature of 50° C. means 50 Centigrade degrees above the melt- 
ing point, and this equals | of 50, or 90 Fahrenheit degrees above the 
meltjng point. As the melting point of the Fahrenheit scale is marked 
32°, this must be added to 90 to give the reading in the Fahrenheit scale 
of the same temperature as 50° C. 

50° C. = I X 50 + 32 = 122° F. 

To change from the Centigrade scale to the Fahrenheit 
scale take | of the Centigrade reading and then add 32. 

A temperature of 50° F. means 50 — 32, or 18 Fahrenheit degrees 
above the melting point, and as each Fahrenheit degree equals J of a 
Centigrade degree, 18 Fahrenheit degrees = 10 Centigrade degrees 
above the melting point. 

50° F. = 1(50-32)= 10° C. 

To change from the Fahrenheit scale to the Centigrade 
scale subtract 32 from the Fahrenheit reading and take \ of 
the remainder. 

Letting F. and C. represent the readings in the two scales respectively, 
these rules may be written : — 

F. = |C. + 32, 

C. = KF.-32). 

2I0. Limitations of the Mercury Thermometer. — Mercury 
solidifies at about — 38° C. and boils at 360'' C. A mercury 
thermometer is not accurate as the temperature approaches 
these limits and cannot be used at all for temperatures 
higher or lower than these limits. To measure tempera- 
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tures between — 38** C. and about — 100** C. alcohol ther- 
mometers are used. For still lower temperatures electrical 
methods may be employed which de- 
pend on the change of the current 
flowing in a circuit, caused by a change 
of the temperature. To measure tem- 
peratures above 350'' C. metallic ther- 
mometers are used, the action of which 
depends on the expansion of solids with 
the rise in the temperature, e.g, an 
expanding wire (Fig. 87), or a com- 
pound bar of two different metals. 
Electrical methods may also be used 
for very high temperatures. fig. 87. 

211. The Air Thermometer. — This instrument in its sim- 
plest form consists of a glass tube of small bore with a bulb 
filled with air at the upper end. The lower open end of 
the tube dips into a liquid and a scale is mounted back of 
the tube (Fig. 88). To construct an air thermometer the 
air in the bulb is slightly heated, thus expelling some 
of it ; as the air cools again, the liquid will be forced 
part way up the tube. On heating the air in the 
bulb the liquid in the tube is depressed and on 
cooling it the liquid will rise. In this simple form 
an air thermometer is not used to measure tempera- 
ture, but only to indicate a change of temperature. 

212. Sources of Heat. — Most of the heat energy 
on the surface of the earth is received from the sun. 
This energy is transmitted as radiant energy from 
the sun by wave motion in the ether. 

The interior of the earth is at a higher tempera- 
FiG. 88. ture than the surface and heat is transmitted thence 
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to the surface. Volcanoes and hot springs are evidence 
of this higher temperature; deep mines also are notice- 
ably warmer than the surface. 

Chemical combination is generally accompanied by an 
evolution of heat. When this action is very rapid it is 
accompanied by the production of light and is then called 
combustion or burning. In the burning of coal the oxygen 
of the air combines with the carbon of the coal; most 
artificial heat is produced, in this way. 

When an electric current flows through a conductor it 
generates heat, as seen in electric heaters and in the incan- 
descent lamp. 

When mechanical energy disappears on account oi friction 
it is changed into heat, as seen in the heating of the bearings 
of engines, vehicles, and machines. 

In the impact of two bodies the kinetic energy of the 
mass may be largely changed into heat. A lead bullet 
striking an iron plate may be melted by the heat produced. 

In the compression of a gas its temperature is raised, the 
work done in compressing it being partly changed into 
heat. A gas on suddenly expanding has its temperature 
noticeably lowered. Use is made of this fact in ice ma- • 
chines where ammonia, which has been liquefied by cool- 
ing and compression, is allowed to evaporate and expand 
rapidly, causing a fall of temperature by the absorption 
of heat from surrounding water. 

213. Transmission or Diffusion of Heat. — Heat is trans- 
mitted from one point to another in three ways : by con- 
ductiony by convection^ and by radiation, 

214. Conduction is the process by which heat is trans- 
mitted from one molecule to the next, and from that to the 
next, and so on. If one end of a solid is heated, the mole- 
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cules at this end are made to move faster, and they com- 
municate this increased motion to their neighbors, which 
in turn pass it on. Those substances which transmit heat 
readily in this way are called good conductors^ and those 
which do not transmit it readily are called poor conductors 
or nonconductors, Metals are the best conductors, and 
among them silver and copper rank first. Wool, asbestos, 
and wood are nonconductors. Liquids and gases are very 
poor conductors. 

215. Convection. — By this method, which is possible 
only in fluids, the heated portion of the substance, by 
expanding and becoming less dense, is forced upward by 
the surrounding colder and denser parts. In rising, this 
portion carries its heat with it, and the colder parts, taking 
the place of the portion first heated, are in turn heated and 
forced upward, thus setting up currents through the fluid 
— ascending currents of the heated part and descending 
currents of the colder part. Solids cannot transmit heat 
by convection because their parts cannot change their 
relative positions. Houses are ventilated and heated by 
making use of these convection currents. 

216. Heating of Houses. — In the hot-air furnace the 
fire box is surrounded by an air drum having pipes lead- 
ing out of its top to the registers in the several rooms. 
The supply pipe for the cold fresh air leads into the drum 
near the bottom. The air having become heated in the 
drum is forced upward through the pipes by the cold air 
outside, and flows into the rooms. This method provides 
a continuous supply of fresh warm air to the house. 

In the hot-water system the water is heated in tubes or 
drums above the fire box. The main supply pipe leads 
from the top of the heater, with branches to the radiators 
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in the various rooms. A pipe leads from the bottom of 
each radiator to the return main, which enters the bottom 
of the heater. The whole system is kept filled with water, 
which upon being heated rises, is cooled in the radiators 
and then returns to the heater, a constant circulation being 
thus maintained. 

217. Radiation. — Energy is transmitted through the 
ether by means of a wave motion (see § 262). This pro- 
cess of transmitting energy is called radiation^ because the 
waves spread out in all directions from the source, and the 
energy so transmitted is called radiant energy. When this 
energy is absorbed by matter, the matter becomes hotter ; 
hence radiation is sometimes spoken of as a method of heat 
transmission. The rapidly vibrating molecules of a hot 
body set the ether wi)thin and around the body into a similar 
vibration, thus starting the waves which travel in all direc- 
tions through the ether. When these ether waves strike 
a body of matter they may be reflected, transmitted, or 
absorbed. When absorbed they set the molecules of the 
body into vibration and again appear as heat. In radiation 
only the matter which absorbs the energy is heatedy the inter- 
vening ether medium remaining unaffected in this respect. 

As gases are very poor conductors of heat, practically 
all heat transmitted horizontally or downward through a gas 
is by radiation. 

EFFECTS OF HEAT 

218. A change in the quantity of heat in a body causes 
either a change in temperature or a change of state, both of 
which are usually accompanied by a change in volume, 

219. Expansion. — In general, when the temperature of 
a body is raised there is an accompanying increase in its 



HEAT 157 

volume, called expansion, A part of the energy absorbed 
increases t/te kinetic energy of the body by increasing the 
velocities of the molecules, while the remaining portion in- 
creases the potential energy of the body by doing work in 
producing this expansion. The amount of expansion pro- 
duced in a given body is generally proportional to the 
rise of temperature, but different substances have different 
rates of expansion. Solids in general have a smaller rate 
of expansion than liquids have ; but solids differ among 
themselves in this respect. 

220. Coefficient oif Linear Expansion. — The coefficient of 
linear expansion of a solid is the increase in length of each 
unit of length of the solid at d^ Cyfor a rise of temperature 
of one degree. 

If Zq, Lyy and L^ are the lengths of a solid at o°, /j®, and t^ respec- 
tively, and if a is the coefficient of linear expansion, then L^a is the 
total increase in the length for a rise of i° above o°C. ; L^oiix ^ *he 
total increase in ^the length for a rise of t^ above o° C, and L^OLt^ is 
the total increase in the length for a rise of t^ above o° C. 

Hence, ' Zj = Z^ -|- L^at^ - L^{i ■\- o/j), 

L^ = Lq + L^ojt^^ = Zo(i + 0/2), 

L = ^ = g 
I + a/i I + a// 

or, the length, Z2, of a solid at any temperature /g equals the length, Zj, 
at some lower temperature /^ times the quantity, i plus the coefficient 
of expansion times the difference of these temperatures. 

The coefficient of cubical expansion of a substance is 
the increase in volume of each unit of volume of that sub- 
stance at 0° C. for a rise of temperature of 1°. The co- 
efficient of cubical expansion practically equals three times 
the coefficient of linear expansion (proof in Appendix). 
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The cubical expansion of a liquid is approximately 
proportional to the change of temperature, but different 
liquids have different coefficients of expansion. 

221. Table of Coefficients of Expansion. — In the follow- 
ing table are given the coefficients of expansion of k num- 
ber of common substances. When not otherwise indicated, 
the value given is the mean coefficient between o° and 
lOo'' C. 



Substance 


Linear Coefficient 


Cubical Coefficient 


Glass 

Aluminum 

Copper 

Lead 

Tin . 

Zinc 

Iron 

Platinum 

Brass 

Alcohol ...... 

Ether 

Glycerine 

Mercury 

Turpentine 

Water 


.00000837 

.000023 

.0000168 

.00002882 

.00001959 

.00002976 

.00001204 

.00000857 

.000019 

(between 0° and 80°) 
(between -15° and 38°) 

(between -9° and 106°) 
(between 10° and 100°) 


.0000254 
.000069 
.0000531 
.000088 
.000059 
.000089 
.000035 
♦ .0000266 
.000057 
.00104 
.00215 
.000534 
.000182 
.00105 
.00043 



222. Anomalous Expansion of Water. — When water at 
0° C. is heated it contracts instead of expanding, and this con- 
traction continues until the temperature of 4°C. is reached, 
then expansion begins, and at S** the water has practically 
the same volume as at 0° C. (Fig. 89). The temperature 
of 4° C, therefore, is the temperature of minimum vol- 
ume and consequently that of maximum density of water. 
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But for this peculiarity of water the formation of ice on 
the surface of ponds and rivers would be delayed for some 
time, and when once started the freezing would progress 
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somewhat more rapidly than it. does. The cooling takes 
place at the surface and this cooled water sinks, the process 
continuing until the entire body of water has reached a 
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temperature of 4**; then, if there is further cooling, the 
colder surface water, being less dense than the water be- 
neath which is at 4°, remains at the surface and finally 
drops to o'', when it begins to freeze. 

223. Expansion of Gases. — The effect of heat upon a 
gas may be measured by determining the change in its 
volume while the pressure is kept constant or by determin- 
ing the change in. its pressure while the volume is kept 
constant. Experiment shows these two coefficients are 
the same for all gases. The value obtained is .003665 or 
2^f y of the volume, or pressure, at o** C. for a change of i** C. 
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Let Fq = volume at 0° C, K = volunfc at /^ C, 
then if the pressure is kept constant 

'~ 273 • 

at any other temperature /', this becomes 

y ^ K(273 + n 

' 273 
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or 






. 273 + /' 
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75 
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273 -I- / 

224. Absolute Temperature Scale. — If an- 
other temperature scale is used in which the 
degree is equal to the centigrade degree but 
having the zero at — 273° C. and tempera- 
tures are measured in this scale, the above 

becomes, — 

f^^273+/'^r 

Ft 273 + / 7" 
in which T and 7^ express the temperature in the new 
scale. This scale of temperature is called the absolute 
temperature scale (Fig. 90). 
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It is believed that the zero of this scale is the lowest 
possible temperature ; that at this temperature bodies would 
possess no heat energy, and that the molecules would be at 
rest. This zero of temperature has never .been obtained, 
but by liquefying hydrogen gas a temperature of about 
— 260° C, or 1 5° absolute temperature, has been reached. 

From the above it is evident that the volume of a gas at 
constant pressure is directly proportional to its absolute tem- 
perature. This is known as Charles' Law, 

225. Combination of Boyle's and Charles' Laws. — From 
experiments with gases at constant temperature it is found, 
as previously shown, that — 

V',V' = P''.P. 
From the preceding paragraph 

V \ V ■=• T \ T'y under constant pressure ; 
therefore, if both the pressure and the temperature vary, 

ViV' = P'T \PT\ 

whence, VPT' = V'P'T, 

up V'P' 

-— - = — — - = a constant. 
T T 

226. Calorimetry. — The process of measuring heat is 
called calorimetry, 

227.' Units of Heat. — The quantity of heat required to 
raise the temperature of i gram of water i** C. is the C. G. S. 
unit of heat and is called the calorie. The F. P. S. unit 
of heat is the quantity of heat required to raise the tem- 
perature of I pound of water 1° F. and is known as the 
British Thermal Unit (B. T. U.). 

228. Heat Absorbed or Liberated by Water. — To calcu- 
late the quantity of heat, expressed in calories, required to 
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raise the temperature of any mass of water any number 
of degrees it is only necessary to multiply the mass in 
grams by the rise of temperature in degrees centigrade. 

If M represents the mass of water, ty its initial temperature, an,d /g its 
final temperature, the number of calories absorbed in the rise of tempera- 
ture from /j to /j is expressed thus : calories = M{t^ — t^ . If the 
final temperature /j is lower than the initial temperature /j of the 
water, then the number of calories taken from it is expressed thus : 
calories = M{ty — /g). 

229. Specific Heat. — It is found by experiment that most 
substances require less heat to raise their temperature a 
given number of degrees than is required to produce the 
same rise of temperature in an equal mass of water. The 
specific heat of a substance is the quantity of heat necessary 
to raise the temperature of unit mass of the substance one 
degree. 

The quantity of heat absorbed in raising the temperature, 
or liberated in lowering the temperature, of a given mass of 
any substance is found by multiplying its specific heat by 
its mass and by the change of temperature. 

If M is the mass of a substance, s its specific heat, t^ the initial tem- 
perature, and /g the final temperature, then 

calories absorbed = MsQ^ — Z^), 

or calories liberated = Ms{ty — t^, 

230. Method of Mixtures. — To measure the quantity of 
heat given to or taken from a substance the method of 
mixtures may be used. In this method a known mass 
of the given substance at a known temperature is mixed 
with a known mass of water at a known temperature and 
the temperature of the resulting mixture is noted. Know- 
ing the mass of the water and its change of temperature 
the quantity of heat it has received (or liberated) can be 
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directly calculated in calories, and this heat must have come 
from (or been given to) the substance mixed with the water. 

Hence, M^Stit, - tr) = M^^ifr - O, 

in which M^ and M^ are the two masses ; j, and s^ the two specific 
heats; /« and /», the two initial temperatures; and tr the resulting 
temperature of the substance and of the water respectively. If all but 
one of the above quantities are known, that one may be calculated. 

Example. — If 500 gm. of lead at a temperature of 96° C. are im- 
mersed in a calorimeter containing 1000 gm. of water at 20° C. and 
the resulting temperature is found to be 21.2° C, the specific heat of lead 
can be found as follows : — 

500 X Jx- X (96 — 21.2) = 1000 XIX (21.2 — 20), 

^ ... 1000(21.2 — 20) 1000 X 1.2 , 

from which Jx = T-? r^ = o = 032 cal. 

500(96 — 21.2) 500x74.8 ^ 

231. Table of Heat Constants. 





Specific 


Melting 


BOIUNG 


Heat of 


Heat of 




Heat 


Point 


Point 


Fusion 


Vaporization 


Alcohol 


0.65 


-I30°C. 


78.2° c. 




206 


Aluminum 


0.212 


700° C. 








Brass 


0.094 


91 2° C. 








Copper 


0.093 


iioo°C. 








Glass 


0.19 










Gold 


0.032 


iioo°C. 








Iron 


O.II 


1635° c. 




28. 




Lead 


0.032 


330° c. 




5.86 




Mercury 


0.033 


-39°C. 


357° C. 


2.8 




Silver 


0.056 


1000° C. 




21. 




Sulphur 


0.17 


ii4°C. 


448° c. 


9.4 


362 


Tin 


0.055 


228° C. 




14. 




Turpentine 


0.5 


-io°C. 


160° C. 




70 


Zinc 


0.093 


420° C. 




28. 




Ice 


0.5 


o°C. 




80. 




Water 


I.O 




100° C. 




536 


Steam 


0.48 
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• 

232. Change of State. — Change of state signifies the 

passing from one of the three states in which matter may 
exist, viz,y solid, liquid, or gaseous, into either of the other 
states. 

233. Transformation of Energy. — If heat is applied to 
a solid, its temperature will rise until a certain point is 
reached, when the temperature remains constant while the 
body melts or fuses. After the solid is entirely changed to 
liquid, the temperature will again rise until a second point 
is reached, when it again remains constant while the liquid 
changes into a vapor. After all the liquid is vaporized the 
temperature will once more begin to rise. The heat, which 
is absorbed while the change of state is taking place, is 
transfoFmed into potential energy, work having been done 
by it in overcoming the molecular forces. There is usu- 
ally a marked change of volume accompanying the change 
of state. The heat required to produce a change of state 
is sometimes called latent heat. 

234. Fusion. — The changing of a substance from the 
solid to the liquid state is known 2J& fusion or meltings and 
the temperature at which this change takes place is the 
melting point of that substance. Solidification is the oppo- 
site of fusion, and the temperature at which a liquid solidir 
fies, under ordinary conditions, is the same as the melting 
point for the same substance. 

235. Laws of Fusion. — i. Every crystalline substance 
begins to melt at a definite temperature, which is invariable 
for each substance at the same pressure. 

2. The temperature of a solid while melting remains 
constant until the entire body is melted. 

Some substances, as wax, glass, wrought iron, and plat- 
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inum, are exceptions to this law. These substances pass 
through a plastic state, the viscosity decreasing as the 
temperature rises. It is owing to this fact that these 
substances can be welded. 

236. Effects of Pressure. — Substances which expand oh 
solidifying have their melting points (or freezing points) 
lowered by an increase of pressure, while the opposite is 
true of substances which contract on solidifying. Ordi- 
nary atmospheric changes of pressure, however, produce 
so small an effect on the melting point of ice as not to 
be measurable. Water, bismuth, and cast iron expand on 
solidifying, but most other substances contract. In the 
casting of iron and type this property is of great utility, 
because these substances on solidifying expand slightly 
and completely fill the mold, thus producing a perfect cast. 
On the other hand gold and silver coins must be stamped 
by dies, because they contract on solidifying and would 
give an imperfect cast. 

237. Regelation. — When two pieces of ice at o° C. are 
pressed together they unite about the points of contact. 
This phenomenon, to which the name regelation is given, 
is a result of pressure causing a lowering of the melting 
point. The pressure liquefies the ice at the points of 
contact, but the water thus formed is below its normal 
freezing point, and as soon as it escapes from the pres- 
sure by flowing away from the points of contact it again 
freezes, joining the two pieces of ice together. This is the 
explanation of the making of snowballs and also of the 
flow of glaciers. 

238. Heat of Fusion. — The quantity of heat required 
to change unit mass of a substance from the solid to the 
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liquid state, without change of temperature, is the heat of 
fusion of that substance. The number of calories required 
to melt I gm. of ice at o° C. is 80, which then is the value 
of the heat of fusion of ice. 

239. Measurement of the Heat of Fusion. — The heat of 
fusion of ice may be measured as follows : — 

A known mass, M^ of ice at 0° C. is placed in a known mass, M^ of 
water at a known temperature, /«,, and at the moment the ice is com- 
pletely melted, the resulting temperature, /„ of the mixture is taken. 
The heat liberated by the water is M„(t„—tr), This is the heat which 
has melted the ice and then raised the temperature of the water (melted 
ice) from zero to the temperature of the mbcture. The heat required to 
melt the ice is MiF, F being the heat of fusion of ice. The heat re- 
quired to raise the temperature of the water formed from the melted ice 
is M,(tr - o). 

Equating the heat liberated and the heat absorbed^ — 

M^{t^ - tr) = MiF+ Mi(tr - o). 

Hence,. j, ^ M„(t„ - tr) - M,(tr ^ o) 

Mi 

240. Solution. — Heat is absorbed when a solid changes 
to the liquid state by dissolving in a liquid, as is illustrated 
in the cooling of water when sugar is added, or, in a more 
marked way, when ammonium nitrate is added to water. 

Energy is required to change a solid into a liquid, and 
in the process of solution this energy must come from the 
molecular kinetic energy (heat) of both the liquid and 
the solid, and is transformed into the potential energy 
of the liquid state. A decrease in the molecular kinetic 
energy means a lowering of the temperature of the solu- 
tion. 

241. Freezing Mixtures. — Use is made of this principle 
in "freezing mixtures,** as ice and salt in the freezing of 
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ice cream. The ice alone would reduce the temperature 
of the cream to 0° C, but no lower, because the cream and 
ice being then at the same teipperature, there is no further 
flow of heat from the cream to the ice. To freeze the 
cream an additional quantity of heat must be withdrawn 
from it equal to its heat of fusion, and to do this it is neces- 
sary to lower the temperature of the ice below zero. This 
is accomplished by mixing salt with the ice, which in the 
process of dissolving may lower the temperature 10 or 15 
degrees below 0° C. 

242. Crystallization. — When a solid crystallizes rapidly 
from a solution the temperature usually rises, because in 
the change from the liquid to the solid state the potential 
energy of the liquid state becomes molecular kinetic energy, 
or heat, and so the temperature is raised. This is shown 
very strikingly by crystallization from a solution of sodium 
sulphate or of sodium thiosulphate. 

243. Vaporization. — Vaporization is the changing of a 
substance from the liquid to the vapor form. This may 
take place in two ways: (i) evaporation^ (2) ebullition or 
boiling, 

244. Evaporation. — If the change from liquid to vapor 
takes place slowly /r(^;« the surface of the liquid, the process 
is called evaporation, 

245. Theory of Evaporation. — According to the kinetic 
theory of matter all the particles of matter are in con- 
tinual vibratory motion, and in liquids there is perfect 
freedom of motion of the molecules among themselves. 
The molecules, however, have very different velocities, and 
some of those having the greatest velocity, when moving 
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toward the free surface of the liquid, break through the sur- 
face into the space above. The number of molecules thus 
leaving the liquid depends upon the temperature of the 
liquid, the extent of the free surface^ and the condition of the 
space above the liquid. If a liquid is evaporating into an in- 
closed space, evaporation is said to cease when the number 
of particles leaving the liquid equals the number reentering 
it from the space above. When this condition is reached 
the space above is said to be saturated with the vapor of 
the given liquid. 

Since in the process of evaporation the liquid loses those 
molecules having the greatest velocities, the mean square 
of the velocities of the remaining liquid molecules decreases, 
which means that the temperature of the liquid falls. 

246. Laws of Evaporation. — i. The rate of evaporation 
increases with the temperature. 

2. The rate of evaporation increases with the extent of 
the free surface of the liquid. 

3. If the air in contact with the liquid is continually 
replaced by other air, the rate of evaporation is greater 
than if the air is not so changed ; for in the latter case, as 
the air becomes more and more saturated with the vapor, 
the rate of evaporation decreases. 

These laws of evaporation are well illustrated in the 
drying of clothes. The clothes are spread out on a line in 
order to give a large surface in contact with the air, thus 
securing more rapid evaporation than if placed in a pile. 
If a wind is blowing, they dry more quickly because of the 
continual change of the air in contact with them. Other 
(Conditions being equal, the clothes dry less quickly on cold 
days than on warm days because the rate of evaporation is 
slower at a lower temperature. On very damp or muggy 
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days, when the humidity is high, clothes do not dry rapidly 
because the air is already nearly saturated with water 
vapor. 

247. Volatile Liquids. — Liquids which evaporate readily, 
such as alcohol, gasolene, ether, etc., are called volatile. 

248. Cbollng Xfj Evaporation. — Since it is the most 
rapidly moving molecules that leave the liquid in evapora- 
tion, the temperature of the liquid is noticeably lowered if 
the evaporation is rapid. Use is made of this fact in cool- 
ing water for drinking purposes in hot climates. The water 
is placed in a porous vessel, and the evaporation from the 
large surface cools the remaining liquid. 

249. Dew-point. — The dew-point is the temperature at 
which the water vapor in the atmosphere begins to con- 
dense. The quantity of water vapor which can be held 
by the atmosphere increases with the temperature of the 
atmosphere. When the quantity of water vapor in the air 
at any given temperature equals its vapor capacity at that 
temperature, the air is said to be saturated. If air contain- 
ing moisture is cooled, a temperature will be reached at 
which the air is saturated, and then any further cooling 
will cause some of the water vapor to condense. The 
condensed vapor appears in the form of clouds, fog, dew, 
rain, etc. 

This phenomenon is analogous to the squeezing of a 
damp sponge. The more it is squeezed the less is its 
capacity for holding water^ and when squeezed until 
its capacity for holding water equals the quantity of water 
present in it the sponge is saturated ; any further squeez- 
ing causes water to drip from the sponge. Cooling the air 
" squeezes it," or decreases its vapor capacity. 
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250. Relative Humidity. — The ratio of the quantity of 
water vapor in the air to the quantity required to saturate 
it. at the given temperature is called the relative humidity. 
Saturation is represented by 100 and relative humidity 

by a percentage 
less than 100. 

The curve (Fig. 
91) shows the ac- 
tual quantity of 
water vapor re- 
quired to saturate 
unit mass of air at 
the different tem- 
peratures. 

If air at 20° C. must 
be cooled to 8** C. to 
bring it to the dew- 
point it is found from 
the curve that the actual 
quantity of water vapor 
present in the air is 
6.8 gm. per kilogram of 
air, while to saturate 
air at 20° C. requires 
14.2 gm. of water vapor 
per kilogram of air. 
The relative humidity 
is therefore — 

6.8 

X 100 = 47.9%. 
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251. Boiling or Ebullitioij. — If the change from liquid 
to vapor takes place rapidly and violently within the body 
of the liquid, the process is called boiling or ebullition. The 
bubbles of vapor form /;/ the liquids at the hottest points, 
rise to the surface, and break through. 
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252. Theory of Boiling. — Whenever the temperature of 
a portion of a liquid is such that the molecular velocities 
are sufficient to overcome both the cohesion between the 
molecules and the restraint due to the pressure of the Uquid 
and the atmosphere above it, these molecules push away 
the surrounding liquid and occupy a space enormously 
large compared with that originally occupied by them, 
forming in the liquid what is called a bubble, which rises 
to the surface and emerges into the space above. The 
molecules in this bubble are in the gaseous state. The 
liquid is then said to be boiling. This phenomenon occurs 
at a certain definite temperature for a given liquid under a 
given pressure. As the heat is usually applied to the under 
surface of vessels containing liquid, the bubbles are formed 
in the lower portion, where the liquid first reaches the boil- 
ing temperature. Obviously, if the pressure on the liquid 
is varied, the temperature at which this change takes place 
varies correspondingly, i.e. the boiling point is lowered by 
a decrease of the pressure and raised by an increase of 
the pressure on the liquid. 

253. Laws of Boiling. — i. Each liquid has a certain 
boiling point which is invariable for that liquid under the 
same conditions. 

2. When the liquid begins to boil the temperature remains 
constant until the entire body of Uquid is changed to vapor, 
if the pressure and other conditions remain constant. 

3. The boiling point is dependent on the character of the 
inner surface of the containing vessel. 

4. The boiling point is raised by salts, and lowered by 
gases, dissolved in the liquid. 

5. The boiling point rises with an increase of pressure 
and drops with a decrease of pressure (see curve. Fig. 92). 
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A change of pressure of 2.7 mm. of mercury when the pressure is 
near 760 mm. changes the boiling point of water .1° C. At high alti- 
tudes water boils at much lower temperatures than at sea level. The 
temperature of the water in a boiler giving steam at a pressure of 760 cm. 
of mercury (10 atmospheres) is 180° C. 

284. Evaporation and Boiling Contrasted. — From the 
foregoing it is evident that the following differences exist 
between the phenomena of evaporation and of boiling. 

1. Evaporation is a phenomenon limited to the surface 
of a liquid and is affected by a change in the extent of the 
free surface ; boiling takes place within the body of the 
liquid and is not affected by changes in the extent of 
the free surface. 

2. Evaporation takes place at all temperatures ; boiling 
takes place at one temperature only for a given pressure on 
a given liquid. 

3. Evaporation is but slightly affected by changes in the 
pressure upon the liquid surface, being mainly dependent 
upon the degree of saturation of the space above the liquid 
with the vapor of the given liquid ; the presence of other 
vapors in this space increases the pressure, but the rate of 
evaporation of the given liquid is only slightly decreased 
thereby; the boiling point, however, changes with each 
change in the pressure upon the liquid. 

4. Evaporation is a phenomenon of individual molecules ; 
boiling, of groups of molecules. Hence, evaporation is an 
invisible process, while boiling is a visible process. 

5. Evaporation is accompanied by a fall of temperature; 
in boiling the temperature remains constant throughout the 
process. 

255. Heat of Vaporization. — The heat of vaporization of 
a given liquid is the number of calories required to change 
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unit mass of that liquid into vapor without change of tem- 
perature. 

The heat of vaporization of water at 100° C. is 536 calories, i.e, 536 
calories of heat are absorbed in changing i gm. of water at 100° C. into 
steam at 100° C, and 536 calories of heat are liberated in condensing 
I gm. of steam at 100° C. into water at 100° C. 

.MECHANICAL EQUIVALENT OP HEAT 

256. Heat and Work. — About 1840 Joule investigated 
the relation between the heat unit and the unit of mechani- 
cal energy. By revolving a paddle in water, and meas- 
uring the mass and the rise of temperature of the water, 
the power being supplied by falling weights, he determined 
the quantity of mechanical work done and the quantity of 
heat developed by it, and from these data he calculated the 
ratio of the two units. According to Joule, 772 ft. lb. of 
work would raise the temperature of one.pound of water 1° 
F., or 1390 ft. lb. would raise the temperature of one pound 
of water i** C. 

Later investigations place the values as follows : — 
778 ft. lb. = I B.T.U. . 
.427 kgm. m. = I cal. 
4.19 X 10^ ergs = 4.19 joules = i cal. 

This numerical relation is known as the mechanical 
equivalent of heat, 

257. Conversion of Heat into Work. — Other forms of 
energy are readily converted into heat, but it is more diffi- 
cult to change heat into other forms of energy, especially 
into mechanical energy. This change can only be made 
by employing some kind of heat engine, and then only a 
small fraction of the heat energy is converted into useful 
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mechanical work, most of the heat energy escaping to the 
surrounding substances. 

258. The Steam Engine is one means of converting heat 
into work. In this operation water is placed in a boiler 
over a furnace and changed into steam at high pressure 
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Fig. 92. 

and temperature. This steam is then passed into a cylinder 
with a movable but tight-fitting piston, and the pressure of 
the steam dgainst this piston pushes it forward. The 
piston is connected by a piston rod and a connecting rod 
to a revolving fly wheel. In this way the reciprocating 
motion of the piston is changed to rotary motion. 
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289. Details of the Steam Engine. — Figure 93 shows the 
essential parts of an automatic steam engine. C is the 
cylinder ; P^ the piston ; V^ the valve ; B, the steam pipe 
from the boiler ; E, the exhaust pipe ; X, the cross head ; 
F, the fly wheel ; R, the connecting rod ; AT, the crank pin ; 
T^ the eccentric by which the valve V is moved. 

The diagram shows the piston at the beginning of the 
forward stroke, steam being admitted through the port 
back of the piston. The pressure of the steam forces the 
piston forward, turning the fly wheel, and the eccentric 




Fig. 93. 

Ty connected with the valve rod, moves the valve F. 
When the piston reaches the front end of the cylinder, 
steam is admitted through the port at that end, the port 
at the rear end then being open to the exhaust. 

It should be noted that the pressure at the exhaust is atmospheric or 
about 15 lb. to the square inch, while the pressure of the live steam may 
be from 50 to 200 lb. per square inch, according to the character of the 
engine used and the power required. 

Figure 94 gives five different positions of the piston and 
valv.e, showing the various events during one stroke of the 
piston : — 
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1. The admission of the steam through one port, the other port 
being open to the exhaust, thus beginning the stroke. 

2. The steam port open wide at about one fifth of the forward 

stroke. 

3. The cut-off, U. 
the steam port, closed 
when expansion of 
the steam in the 
cylinder begins, the 
other port still being 
open to the exhaust. 

4. The steam port 
still closed and the 
other port closed to 
the exhaust, the re- 
maining steam in the 
front end being com- 
pressed, thus cushion- 
ing the stroke of the 
piston, bringing it 
gradually to rest and 
at the same time 
rapidly increasing the 
pressure in this end 
of the cylinder to a 
value approaching 

^'^- 94- that of the live steam. 

5. The beginning of the back stroke, live steam having been 
admitted through the other port at the end of the forward stroke. 

260. Graphical Representation of the Steam Pressure 
during the Stroke. — The value of the steam pressure 
during these successive stages of the stroke may be repre- 
sented by an indicator diagram in which the distance along 
the horizontal axis represents the length of the stroke of 
the piston, and the vertical distance above the horizontal 
axis (which represents atmospheric pressure) shows the 
pressure of the steam behind the piston. 
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The straight line AB (Fig. 95) indicates full pressure of steam 
during the stages i and 2, the hyperbola BC represents the decreasing 
pressure as the steam works expansively in 
stage 3 ; CD represents the further decrease 
in pressure due to the gradual exhaust and 
the decrease to nearly atmospheric pressure ; 
the straight line DE indicates practically 
atmospheric pressure during the first part 
of the back stroke, the exhaust being closed 
at E\ EF shows the rapid rise in pressure 
during compression ; the vertical line FA indicates the admission of 
live steam and a return to boiler pressure, the admission of steam 
having begun at a point between E and F^ but near F. 




Fig. 95. 



261. Gas Engine. — In this form of engine a mixture of 
air and an inflammable gas, such as gasoline vapor, or 
illuminating gas, is received into the cylinder of the engine 





Fig. 96. 
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where, upon being ignited by an electric spark, hot tube, or 
an open flame, it is exploded, producing gases at high tem- 
perature and consequently at high pressure which move 
the piston forward. It differs from a steam engine in that 
the gases at high pressure are produced within the cylin- 
der and that the gas 
pushes upon but one 
side of the piston, 
being admitted into 
one end of the cylin- 
der only. 

Figure 96 shows (in a 
sirtiplified form) the cylin- 
der of a " four-cycle " gas 
engine. 

The gas issues from 
the port guarded by the 
valve B^ and moves with 
a current of air into the 
cylinder through the port 
guarded by valve ^. This 
port also serves as the 
exhaust during the last 
half of each second double 
stroke. 

Figure 96 a shows the 
piston moving downward 
with ports A and B 
open, through which the explosive mixture enters the cylinder during 
this stroke. During the second stroke shown in Fig. 96 b^ the piston 
is moving upward ; ports A and B are both closed, and the explosive 
mixture is being compressed. At the beginning of the third stroke 
shown in Fig. 96 r this mixture is exploded by the igniter C and the 
high pressure gases thus produced force the piston downward, ports A 
and B both remaining closed. During the fourth stroke shown in 
Fig. 96 d^ port B is closed, but A is open and the piston moving upward 
forces the expanded gases out through port A as the exhaust. 




Fig. 97. 
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The momentum of the heavy fly wheel shown in Fig. 97 carries the 
piston through the remaining three strokes after each explosion within 
the cylinder. 

The four cycles may be briefly described thus : — 
First, Admission ; 
Second^ Compression; 
Thirdy Explosion (Power Stroke) ; 
Fourthy Expulsion (Exhaust). 

PROBLEMS 

1. Reduce to F. reading: {a) 20° C, (JH) -40° C, {c) 100** C, 

{d) 36° C. 

r(a) 68° F. (0 2i2°F. 
^^^•^•1(3) _4oOF. (//) 96.8°F. 

2. Find the diffierence in temperature between 10® C. and 10° F. : 
{a) in C.°, (J)) in F.° 

Ans, (a) 22? C. degrees, (d) 40 F. degrees. 

3. Reduce to C. reading : (a) 62° F., (3) 98^ F., (c) 32° F., 
(d) o°F. 

f(^)i6}°C. (c) qoC. 
t(3) 36FC. (d)-i7rC. 

4. Reduce to absolute temperature reading : (a) 0° C, (5) — 20° C, 
(0 40° C, (//) 100° C. 

. , f(^)273°A. (c) 313° A. 
IW 253° A. (^)373^A. 

5. A brass rod is 59.8 cm. long at 20° C. and 59.886 cm. long at 
98° C. Find the coefficient of linear expansion of brass. -<4«j. .0000184. 

6. A certain mass of gas occupies a volume of 78 cc. when the 
temperature is 25° C. and the pressure is 752 mm. of mercury. Find 
its volume under standard conditions, viz., 0° C. and 760 mm. pressure. 
Ans, 66.3 cc. 

7. The volume of a certain mass of air at 60° C. was found to be 
94.1 cc. Its volume at 10° C. is 80 cc. Find the coefficient of expan- 
sion of air. Ans, .00365. 

8. When 100 gms. of aluminum (sp. ht. = .21) at a temperature of 
80° C. is placed into 150 gms. of water at a temperature of 10° C, what 
will be the temperature of the mixture ? Ans. 18.6° C. 

9. How many units of heat are needed to raise the temperature of 
120 gm. of water from 18° C. to 42° C. ? Ans. 2880 cal. 
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10. The mass of a calorimeter is no gm. and its sp. ht. = .i. The 
mass of water in the. calorimeter is 150 gm. and its temperature is 10°. 
A coil of wire is placed in the calorimeter whose mass is 2 gm. and sp. 
ht. = .09. An electric current is sent through the coil of wire for half 
an hour, when it is found that the temperature of the calorimeter and 
contents is 28° C. (a) How much heat was produced by the electric 
current per second ? (3) What power is expended in the wire by the 
electric current ? Ans, (a) 1.6 1 calories, (d) 6.762 watts. 

11. Find the heat of fusion of ice from the following : — 

Mass of calorimeter 

Sp. ht. of calorimeter .... 
Mass of water in calorimeter . 
Temp, of water just before putting in ice 
Temp, of water when ice is melted 
Mass of ice put into the water 



1 10 gm. 

.1 

150 gm. 

80° C. 

36° C. 

61 gm. 
Ans. 80.13 cal. 

12. With what velocity must a lead bullet (sp. ht. = .033), whose 
mass is 20 gm., strike a target so that its temperature is raised 100^ C, 
assuming that all of the energy of the bullet is transformed into heat 
and that it is all absorbed by the bullet? Ans, 166.5 meters per sec. 

13. What is the specific heat of a substance whose temperature falls 
60° in raising the temperature of the same mass of water 12°? 

Ans. .2 cal. 

14. If 150 gm. of water at 50° C. are poured upon 60 gm. of ice at 
0° C, what will be the resulting temperature ? Ans, 12.9° C. 

15. Find the heat of vaporization of water from the following data: 
Mass of calorimeter no gm. 

Sp. ht. of calorimeter .1 

Mass of calorimeter and cool water . . . ' 260.9 S^' 
Temperature of cool water . . . . 18.5° C. 
Temp, after passing steam into the cool water 40.1° C. 
M^ass of calorimeter and water . . . 267 gm. 

Ans, 513.4 cal. 

16. What is the relative humidity when, the temperature of the air 
being 22° C, the dew-point is 4° C. ? Ans. .325. 

17. If, when the temperature of the air is 85° F., the relative humid- 
ity is .70, what is the dew-point ? Ans. 74.5° F. 

18. A copper ball whose mass is 3 kgm., taken from a furnace and 
*plunged into 8 kgm. of water at 10° C, heated the water to 25° C. If 
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the sp. ht. of copper is .09, what is the temperature of the furnace ? 
Ans, 469.4° C. 

19. A calorimeter containing 500 gm. of water and 250 gm. of ice, 
all at 0° C, has steam at 100° C. introduced till half the ice is melted. 
(a) What will be the weight of the water and ice then ? (d) Would 
more Or less steam have been required if 1000 gm. of water had been 
in the calorimeter ? Ans, (a) 765.7 gm. (d) Neither more nor less. 

20. For the purpose of keeping one's feet warm on a sleigh ride, 
which is preferable, a lo-lb. hot-water bottle or a lo-lb. plate of iron, 
both at the same temperature, say 100° C. at the start ? Why ? 

21. Two basins are placed side by side on a hot stove, and in one is 
placed an 8-pound flatiron, in the other 8 lb. of water, both the iron and 
water being at the temperature of the room. Having placed one hand 
on the iron and the other on the water, which hand would you be com- 
pelled by the heat to remove first ? Why ? 

22. If some way were discovered of making infusible ice, how would 
it affect its value for cooling purposes ? Why ? 

23. (a) If, on a cold night, a complete, heavy, woolen suit were put 
on a marble statue out of doors, how would the temperature of the statue 
be affected in the course of a few hours, the temperature of the air 
remaining constant, say 0° C. ? Why ? (d) What effect would the suit 
have on the temperature of the statue if the temperature of the air 
changed ? (c) What, then, is the function of " warm " clothing ? 



CHAPTER XI 
LIGHT 

262. Definition of Light. — Light is that portion of radi- 
ant energy which is capable of causing the sensation of 
sight. Radiant energy is the term applied to kinetic energy 
acting outside of ordinary matter in what is called the ether 
This ether fills all space, both intermolar and intermolecular, 
not occupied by ordinary matter ; is exceedingly elastic ; is 
incompressible, and apparently offers no resistance to the 
passage of ordinary matter through- it. Energy also exists 
in the ether in the potential form, as, for example, in the 
magnetic field, in which case the energy is embodied in a 
strained condition of the ether. 

263. Propagation of Radiant Energy. — Radiant energy 
is transferred through the ether by a progressive vibratory, 
or wave, motion of the ether. These waves differ greatly 
as to amplitude and frequency, but they all travel with the 
same velocity in the ether, viz,^ 3 x 10^ cm., or about 186,000 
mi. per sec. 

264. Production and Effects of Ether Waves. — The ether 
waves are produced and communicated to the ether by 
disturbances occurring in ordinary matter in touch with it. 
Once formed, they travel outward in every direction, />. 
radiate y until perchance they are intercepted by a body 
of ordinary matter which may absorb their energy, where- 
upon there is produced in the matter a disturbance similar to 
that by which the waves were formed and sent out on their 
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journey. The character of the wave will depend on the 
nature of the disturbance in the sending matter; and the 
nature of the disturbance produced in the receiving matter 
will, in turn, depend on the kind of ether wave that reaches 
it, and on the degree to which the matter may respond 
thereto. The length of the ether wave has much to do in 
determining the kind of effect produced when it impinges 
on ordinary matter. Many of the waves are exceedingly 
short and it is convenient to measure them by a unit called 
the micron, which is the one millionth of a millimeter. 

265. Heat, Light, and Other Ether Waves Contrasted. — 

If ether waves are not longer than 720 microns, or shorter 
than 380 microns, they produce the sensation of sight 
when they strike upon the retina of a normal eye. Other 
effects caused by radiant energy are chemical, thermal 
(radiant heat), and electrical. 

Waves that are too short to cause the sensation of sight, 
as well as the shorter ones that do cause this sensation, 
are very active chemically, i,e. are readily transformed into 
atomic disturbances, the motion of the atom, the chemical 
unit of matter, being closely attuned to these short waves. 
Thus it is that a photograph may be made by means of 
radiant energy which would not affect the eye. 

Again, the longer waves that cause the sensation of sight, 
together with those that are still somewhat longer than 
these, readily produce heat, i,e, cause molecular agitation 
when received into ordinary matter, the motion of the 
molecule responding sympathetically to these waves. 

Electrical effects are produced by radiant energy in gen- 
eral and those portions which do not affect the eye or the 
atom or the molecule directly must be studied through the 
electrical phenomena which they may be made to produce. 
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266. Character of Ether Waves. — In general the wave 
motion of the ether is transverse^ i,e, the vibratory motion 
is at right angles to the line of propagation. A wave 
front is the locus, within a given wave, of particles in the 
same phase of vibration. The advance wave front may be 
considered as the locus of particles just on the point of 
being disturbed and the term w^z/^/n?;// generally refers 
to this locus. 

A wave length (as in sound) is the distance between 
successive wave fronts of like phase. 

When the source of light is* a point within a medium of 
uniform density, the wave front is a spherical surface sur- 
rounding the source as a center, and the wave in this case 
is called a spherical wave. If the source is at a great dis- 
tance, a small portion of the spherical surface does not 
differ essentially from a plane and the wave front may be 
considered a plane. This form of wave is called z, plane 
wave. 

267. Ray, Pencil, and Beams of Light. — A ray is a line 
normal to a wave front. A bundle of rays belonging to a 
spherical wave front is conical in shape and is called a 
pencil of light ; while in a bundle belonging to a plane 
wave front the rays are parallel and this is called a beam 
of light. 

268. Luminous and Illuminated Bodies. — A body emit- 
ting light generated within itself \s called a luminous body. 
All bodies which are made visible by light received from 
an outside source are called illuminated bodies. 

269. Apparent Position of a Body. — Objects are gen- 
erally seen by means of light coming from them through 
the air, and since experience shows that light as a rule 
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travels in straight lines, the mind persists in assigning the 
object's direction from the observer in the line along 
which the light immediately enters the eye. And although 
the mind may come to understand perfectly well that the 
light does not, in many, cases, travel the entire distance 
from the body in a straight line, it nevertheless fully 
accepts the deception without which thjere would be no 
appreciation of the picture seen in the looking-glass, or 
of the apparent bending of a spoon in a glass of water. 

270. Sighting and Sight Line. — Sighting is determining 
the line of direction, or sight line, from the observer*s eye 
to an object point. Since two points determine a straight 
line, to establish a particular sight line it is only necessary 
to fix, at convenient places, two points in the line of sight 
to the object point ; then a line drawn through these points 
will if prolonged pass through the object point. 

If a second sight line to the same object point is estab- 
lished in like manner, it is evident that the intersection of 
the two sight lines is the exact location of the object point. 

Binocular vision, or seeing with both eyes, makes use of 
this principle in locating near-by objects. 

271. Visual Angle — Apparent Size of a Body. — The 
visual angle of a (linear) object is the angle formed by two 
sight lines, one to each 
extremity of the ob- 
ject, as shown in Fig. 
98. 

:^ AEB is the visual an- Fig. 98. 

gle of the object AB^ and 

^f CED of the object CD or of object FB. From the similarity of the 
A FEB and CED, 

FB '. CD = EB '. ED, (i) 
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That is, for two objects having the same visual angle their lengths are 
directly proportional to their distances from the observer. Hence, if the 
relative distances are known the relative lengths may be easily estimated, 
and vice versa. Again, let AB = CD^ then 

FB'.AB = EB\ ED, (2) 

where FB is the apparent length of CD relative to AB, 

Hence, for two objects of the same length thek" apparent lengths are 
inversely proportional to their distances from the observer. 

These simple principles greatly aid the eye in determin- 
ing the size and distance of objects, and are fundamental 
in the rules of perspective. The eye is quite helpless in 
dealing with such a problem if both size and distance are 
unknown, as is so strikingly illustrated in attempting to 
estimate the size and distance of the moon. 

272. Parallax. — Of two objects, the one nearer a mov- 
ing observer changes its direction from him faster than the 
more remote one which, therefore, seems to move with the 
observer while the nearer appears to move in the opposite 
direction. Parallax is the apparent relative displacement 
of two points unequally distant from an observer, due to 
his motion across the line passing through the points. It 
is measured by the angle between this line and the line 

passing through the observer 
and the nearer point. 




In Fig. 99, CD is the line through 
' the points A and B unequally distant 

from the observer 0\ OA is the line through the observer and the 
nearer point A ; and ^ (9^(7 measures the apparent relative displacement, 
or parallax, given to the points A and B by the observer having changed 
his position from C to O. 

It is evident that : — 

1st. When the observer is in line with the two points 
the parallax is zero, for the measuring angle is then zero. 
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2d. The parallax increases as the observer moves away 
from this line and around the nearer point as a center. 

3d. In order that any other point shall have the same 
parallax as the nearer point it must coincide with the nearer 
point. 

273. Use of the Principles of Parallax. — These principles 
of parallax may be used to determine the distance of a point 
from an observer when direct measurement is impossible, 
or to locate the image formed by a lens or mirror. Since 
an image does not consist of matter it is more difficult to fix 
its exact location than in the c^se of a material body. If, 
however, a small object such as a pin, is so placed as to have 
the same parallax as the image has, then by the third prin- 
ciple, the position of the pin coincides with that of the image 
and may be taken as the location of the image for any 
measurements. 

Error due to parallax must be avoided in reading the 
position of a pointer or index on a fixed scale with which it 
is not quite in contact. Since the true reading is a point 
on the scale perpendicularly behind the index, the eye must 
be placed in the line through this point and the index ; then 
there will be zero parallax. This rule must be observed 
in order to make a correct reading of any instrument of 
measurement as the ruler, clock, thermometer, ammeter, 
etc. 

274. The Pin-hole Camera. — A pin-hole camera is a 
box having a small hole in the center of one side. If 
this side is turned toward a brightly illuminated object a 
picture of the object may be seen on the inner surface of 
the opposite side. This picture will be a faithful repro- 
duction of the object as to form and color, but since the 
rays of light entering the box through the hole travel in 
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Straight lines, tliey cross at the hole, as shown in Fig. 
lOO, and consequently the picture is inverted and reversed. 
Further, from the similar A A OB and A'OB\ AB :A'£' 
= M:N, i.e. the size of the object and that of the picture 
are proportional to their respective distances from the pin 
hole. 




Fig. ioo. 



275. Transparent, Translucent, and Opaque Bodies.— 

According to the degree to which they transmit light, sub- 
stances are classified as transparent^ translucent^ or opaque: 
transparent, if they permit of distinct vision through them ; 
translucent, if they permit of indistinct vision ; opaque, if 
no light is transmitted through them. 

276. Shadows. — A shadow is a portion of space dark- 
ened by the interposition of an opaque body between this 
space and a source of light. What is usually spoken of as 
a **shadow cast" on the wall, or on the ground, is simply a 
section of the true shadow. When one stands in the shade 
of a tree or sits on the shady side of a building, he is then 
within the shadow proper. 

If the source of light were a geometric point, the shadow 
would be uniformly dark, but as all luminous bodies have 
dimensions, only a part of the space is completely cut off 
from the light, while the remainder receives light from a 
portion of the luminous body. Hence shadows have two 
parts: (i) the umbra^ or the part from which all light is 
cut off ; (2) the penumbra, the part from which only a 
portion of the light has been excluded. 
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277. Size and Shape of a Shadow. — The size and shape 
of a shadow are determined by three conditions: (i)the 
size and shape of the opaque body, (2) its distance from the 
source of light,' and (3) the shape of the cross section of 
the opaque body, as made by a plane cutting it perpen- 
dicular to the line joining the luminous and the opaque 
bodies. 

278. Shadows and Eclipses. — Since the planets and sat- 
ellites are spherical, opaque, nonluminous bodies at differ- 
ent distances from the sun, which is a larger spherical 
luminous body, it fol- 
lows that each planet 
or satellite has a 
shadow extending 
from it in a direction 
away from the sun. 
The umbra and pe- 
numbra of such a shadow are respectively defined by the 
externally and the internally tangent conical surfaces, a 
longitudinal section of which is shown in Fig. loi. If one 
of these bodies passes into the shadow of another it suffers 
an eclipse, either total or piartial : total, if within the umbra, 
and partial, if within the penumbra. 

279. A Method of Determining the Velocity of Light. — 
The velocity of light in the ether was first measured by 
Romer, a Danish astronomer, at Paris in 1676, by means 
of observations of the time interval of successive eclipses 
of the largest of Jupiter's moons. The orbits of the Earth 
and of Jupiter are concentric,' Jupiter being the more dis- 
tant planet. The distance from the Sun to the Earth is 
93,ooo,ocx) mi., to Jupiter, 480,000,000 mi. The Earth 
takes i year to make one revolution about the Sun ; Jupiter 
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makes one revolution in 12 years. Hence, if at a given 
time the Earth and Jupiter are in conjunction, i,e, are on 
the same side of the Sun and in the same straight line with 
it, about 6\ months later they will be in opposition, i,e. on 
opposite sides of the Sun and in the same straight line 
with it. This moon of Jupiter revolves about it and passes 
into its shadow at regularly recurring intervals, thus suffer- 
ing eclipse. The interval between two successive eclipses 
was observed when the Earth and Jupiter were in conjunc- 
tion, and from this observation the time of each successive 
eclipse was calculated. It was observed, however, that the 
eclipses occurred a little later than the time calculated, the 
delay gradually increasing until the Earth and Jupiter were 
in opposition, when the difference in time was i6f min. 
From that time on this delay decreased until they were 
again in conjunction, when the observed and the calculated 
times again coincided. 

It thus became evident that the time at which the eclipse 
takes place is earlier than the time at which it is seen to 
occur by an observer on the Earth, by the length of time it 
takes light to travel from Jupiter's moon to the observer 
on the Earth. Since this distance is 186,000,000 mi. (the 
diameter of the Earth's orbit) ^^^/^r when the two planets 
are in opposition than when in conjunction, the maximum 
delay of i6f min. must be the time required for light to 
travel 186,000,000 mi. i6f min. = 1000 sec; therefore 
the velocity of light in ether is 186,000,000-5- 1000 = 186,- 
000 mi. per sec. Stated in C. G. S. units, this velocity is 
3 X 10^^ cm. per sec. 

280. Intensity of Illumination and Intensity of Light — 

The intensity of illumination of a sutface must be carefully 
distinguished, from the intensity of light of an illuminant. 
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The intensity of illumination (/) is the quantity of light 
received per unit area. The intensity of light (Z) of a 
given illuminant is the ratio of the rate of emission of light 
by the illuminant to the rate of emission by a standard 
candle, and is expressed as so many candle power. The 
intensity of illumination (/) may be found by dividing the 
total quantity of light (Z), received on a spherical surface 
about the illuminant as a center, by the area, a^ of the 

spherical surface, i,e, /= — 

281. Relation of Intensity of Illumination to Intensity of 
Light and to Distance. — Light waves emanating from a 
point source are, like sound waves, spherical shells, and the 
quantity of light received by each expanding shell is the 
same as that of the preceding shell. The area {a) of a shell 
increases as the square of the radius (r), or distance {d\ 
from the point source increases, — 

U, a = 4irr^ = 4ird^', therefore / = - = ■ ^ 



a 4 ird^ 

This means that tie intensity of illumination varies di- 
rectly as the intensity of the light emitted by, and inversely 

as the square of the distance from, the source: I^-^- This 

relation is another instance of the law of inverse squares, 

282. The Principle of Photometry^ — If a surface is equally 
illuminated by light from two illuminants, L^ and Zg, whose 
respective distances from the surface are d^ and d^, then — 

/=-%-, = -%-,, whence L,: L, = d,^ : d,% 

i.e. the intensities of the illuminants are directly propor- 
tional to the squares of their respective distances from the 
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equally illuminated surface. This principle is made use of 
in the photometer^ which is an instrument for measuring the 
intensity or candle power of any illuminant 

There are two principal types of photometers, the Buhsen 
and the Rumford. In the Bunsen photometer (Fig. 102) a 
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translucent screen is moved to such a point between the 
given illuminant and the standard illuminant that its two 
surfaces are equally bright ; then, if L^ is a standard candle, 

Z2 == -^ candle power. In the Rumford photometer (Fig. 

103) the two illuminants are placed at such distances from 




Fig. 103. 

a white surface that the two shadow sections cast by an 

object on that surface have equal intensities of illumina- 

d^ 
tion ; then, as with thd other instrument, Z« = -2- candle 

power ^ if Zj is a standard candle. 

PROBLEMS 

I. At what distance from, the eye would a quarter of a dollar sub- 
tend the same visual angle as a nickel held 35 cm. from the eye, the 
diameters of the two coins being 25 and 19 mm., respectively ? Ans. 46 cm. 
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2. A street lamp is 8 ft. above the pavement. Find the length of 
shadow cast by a man 6 ft. tall when 6 ft. from the lamp. Ans. 18 ft. 

3. How £dir from the moon does the umbra of its shadow extend if 
the distance from the sun to the moon is 93 1 million miles, the diameters 
of the sun and moon being 800 thousand and 2 thousand miles, respec- 
tively? Afts, 237,468 mi. 

4. Compare the quantities of light received by a photographic nega- 
tive held successively 25 and 40 cm. distant from an electric arc. 

Ans. 2.56 to I. 

5. A standard candle is 300 cm. from a 16 c.p. electric lamp ; where 
should a translucent screen be placed between them to receive equal 
illumination from the two lights ? Ans. 60 cm. from the candle. 

6. If a kerosene lamp is 65 cm. and a standard candle 35 cm. from a 
translucent screen when it is equally illuminated by the two lights, what 
is the intensity of the light from the lamp? Ans, 3.44 cp. 



CHAPTER XII 
REFLECTION OP LIGHT 

283. Light Incident on a Surface. — When light strikes 
the surface of matter it is said to be incident on that sur- 
face. A part of the incident light is turned back or reflected 
from the surface, while the remainder passes into the matter 
and is either transmitted through it or else transformed by 
it into some other form of energy, as heat, or chemical 
action. 

284. Reflection. — When light is incident on a smooth 
polished surface, reflection is regular (Fig. 104), i,e. the 
reflected portion of a beam or pencil of light is not scat- 
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Fig. 105. 



tered promiscuously as it is when the reflecting surface is 
rough or unpolished (Fig. 105), in which case the reflected 
light is said to be diffused. 

The visibility of nonluminous objects depends upon the 
diffusion of light incident on their surfaces. A surface from 
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which the reflection of light is perfectly regular is itself 
quite invisible. 

285. Effect of Reflection of a Light Wave. — Let MN, 
Fig. 106, be a plane polished surface of an opaque body. 
Let (? bfe a source of light, and let FyF^, F^F^j F^F^ etc., 
be successive wave fronts. When the front ai of wave 
front FqFq strikes the mirror MN, it is bent back, traveling 




Fig. 106. 

the distance a^a^ equal to the distance a^a^ it would have 
traveled in the same time if the surface had not turned it 
back. Similarly the front 61 travels the distance 6^6^ equal 
to ^1^2 ^^^ ^1 travels the distance c^c^ equal to ^1^2- If 
about Ui as a center a circle of radius a^a2 is drawn, and 
if about points d^ and c^ also circles are drawn of radii 6^62 
and C1C2 respectively, it is evident from the symmetry of 
the figure that the reflected wave front F^c^a^b^F^y drawn 
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tangent to these circles, is a portion of another spherical 
surface similar to the front F^c^a^b^F^, which would have 
existed had the wave not been reflected, and having O' as 
its center. 

It follows then that the point O^ from which the^reflected 
wave seems to come is situated as far behind the mirror as 
is the original source O in front of it. 




Fig. 107. 



Proof of the Law of Reflection. — Light from a 
point b^, Fig. 107, in a wave front after reflection travels 
in the direction b^b^ as if it came from the point (?'. The 
line 00^ joining the centers of the two equal intersecting 
spheres is perpendicular to the mirror line MN, which is 
their common chord. Draw a perpendicular Pb^ to the 
mirror at the point of incidence. The triangle OO'b^ is 
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isosceles since its base 00^ is bisected at right angles Uy 
the line MN Pb^ is parallel to 00\ being perpendiculars 
to the same line MN. Therefore ^Pb^O^^O (alt. 
int. ^s) and ^Pb^b^ = ^(9' (corresponding ^s). But '^O 
= ^ O' (base ^s of isos. A). Therefore ^ Pb^O = ^ Pb^^R. 

The ray Ob^ is the incident ray and ^^Z? is the corre- 
sponding reflected ray. The angle Ob^P formed by the 
incident ray and the normal at the point of incidence is. 
the angle of incident ; while the angle Rb^P formed by 
the reflected ray and the normal is the angle of reflection. 

Therefore, when light is reflected, each incident ray 
makes the same angle with the perpendicular to the surface 
at the point of incidence that its corresponding reflected 
ray makes with the same perpendicular, and the angles 
are situated on opposite sides of the perpendicular. This 
relation is commonly stated as the Law of Reflection : — 

The angle of incidence equals the angle of reflection and 
the incident ray, the reflected ray and the normal to the 
mirror at the point of incidence all lie in the same plane. 

287. A Second Proof of the Law of Reflection. — Let 
EFGy Fig. 108, be a portion of the front of a plane light 
wave which is incident on the reflecting surface MN. At 
A, where the wave front AB first strikes the surface, the 
wave is reflected and the light from A travels a distance 
equal to BD during the time the light from B travels to D. 
With ^ as a center and a radius equal to BD, draw an arc. 
The reflected light from A will travel to some point of this 
arc during this time. In the same way, from Q draw an 
arch with a radius equal to SD, SQ being perpendicular 
to FQ'y the reflected light from will reach some point of 
this arc at the instant the light from 5 reaches D. In the 
same manner with other rays draw arcs with radii as is 
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indicated in the figure. The reflected light will reach each 
of these arcs at the instant that the light from B reaches D. 
The reflected wave front is therefore the line CRD drawn 
from D tangent to each of these arcs. 

Draw the perpendiculars AP^ and Z?P" at the two points 
of incidence, A and D, 

Ip" 




The rt. A ABD and ACD are equal, having a common 
hypotenuse AD and the arm A C equal to the arm BD, 
'^.BDA ^'^.CAD (horn. pts. of = A). 
.-. ^BDF' ^X^^P (Ax. 3). 
But '^BDP" is the angle which the incident rays make 
with the perpendicular to the surface at the point of inci- 
dence, and ^CAP' is the angle which the reflected rays 
make with this perpendicular ; therefore the ^s of incidence 
and reflection are equal and lie in the same plane with the 
normal to the surface at the point of incidence. 

288. Definition of Focus, Real and Virtual. — A focus is 
the apex of a pencil of light the rays of which have been 
made to pass through that point by a change in their direc- 
tion. It is a real focus if the pencil of light thus formed is 
complete to the apex, and a virtual focus if the pencil is 
cut off short of the apex. 

289. Definition of an Image. — The image of a point 
object is the focus of light front that point. The image of 
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a body object is the locus of the foci of light from all the 
points of the body. 

The point (?', Fig.. 109, is the image of (9, because it is the 
focus of light from O after being reflected by the mirror 
MN^ and it is virtual because the reflected pencil of light 
TLSK is cut off short of its apex O^ by the plane of the 
mirror. 

290. Geometrical Proof of the Location of the Image of a Point 
formed by a Plane Mirror. — Draw from the point object O, Fig. 109, 
any two incident rays, such as OT and OS, Erect the perpendiculars 
PV and SP to the mirror at the 
points of incidence. Draw the cor- 
responding reflected rays TL and 
5/rmaking ^1 = ^2 and ^6=^7 Ov^— 
(law of reflection). These rays 
appear to come from the point (7, 
which is therefore the image of O* 

^3 =¥4 (Ax. 3). 

^4 = ^5 (vertical's). 

^3 = ^5 (Ax. I). 

.-. '^aTS = '4.0TS (Ax. 3). Fig. 109. 

In a similar manner it may be proved that ^8 = ^10. 
IntheAC^r^andC^'T^- 

7'^ = 7'5' (identity). 
X0TS = '4.0'TS. 
^8=^10. 
.-. AOTS = A,0'TS. 

.-. 0T= OT (horn, sides = A). 
.•. AOTO' is isosceles. 

.'. Since ^3 = ^5, the mirror line MAT bisects the line 00' at 
right angles. (The bisector of the vertical angle of an isosceles 
triangle bisects the base at right angles.) 
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Therefore the image O^ of a point (9, as seen in a plane 
mirror, is so situated that a line joining the image and 
object is bisected at right angles by the mirror. 

291. Characteristics of an Image. — In order to fully 
describe an image it is necessary to determine its charac- 
teristics with reference to the object of which it may be 
called the optical counterpart. These characteristics are 
six in number : — 

1. Location: referring to the respective positions of the object and 
image, whether on the same or opposite side of the mirror or lens. 

2. Kind: real of virtual. 

3. Distance : from the mirror or lens stated either in terms of the dis- 
tance of the object or in terms of some length which is a property of the 
mirror or lens, such as its focal length or its radius of curvature, ( §§ 295 
and 300.) 

4. Size : relative to that of the object, and which is generally depend- 
ent on (3). 

5. Arrangement vertically : whether erect or inverted. 

6. Arrangement laterally: whether exchanged right and left, or 
reversed. 

292. Size of a Plane Mirror Image. — A plane mirror 
image is the same size as the object. 

Let AB (Fig. no) be the object and A'B' its image. 
Then Ax = A'x and By = B'y as previously shown. 

Draw A/i and A'QXto BB'. 
In ^ A/iB and A*QB' 

AR = A'Q (opp. sides of I I V 
RB = QB' (Ax. 3) 
(since Qy = Ry = A'x^ Ax). 

^7?=^e(rt^s). 
,',t^ARB=/\A'QB', 
Fig. iio. ••• AB = A'B' (hom. sides = A). 

293. Arrangement of Image, Vertically and Laterally. — 
If one looks into a vertical plane mirror, he sees — 
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(i) that his image is vertically erect ; 

(2) that his right hand appears to be the left hand of his 
image and vice versa. This is expressed by saying that a 
plane mirror image is reversed. 

The image of a tree on the bank of a quiet pool of water 
appears upside down, i,e, the image of a vertical object 
formed by a horizontal plane mirror is inverted. 

294. Characteristics of a Vertical Plane Mirror Image. — 
A vertical plane mirror image has then the following 
characteristics : — 

1. Location : on the side of the mirror opposite to the object. 

2. Kind: virtual, following from (i), since the rays do not actually 
pass through the mirror. 

3. Distance: equal to the distance of the object from the mirror, the 
plane of which bisects at right angles the lines joining each point of the 
object with its image. 

4. Size : equal to the size of the object, following from (3), since all 
lines joining object points with their respective images are parallel. 

5. Arrangement vertically : erect. 

6. Arrangement laterally : reversed. 

295. Reflection by a Concave Mirror. — A concave mirror 
is the polished concave surface of a small portion of a 
spherical shell. 

Let MN (Fig. in) be a section of a concave mirror 
whose center of curvature is at C. Suppose a light wave 
emanates from (9 as a source of light. When the point a^ in 
wave front F^ strikes the mirror, it is reflected back toward 
O since it strikes it perpendicularly. When the point F^ 
reaches /^, point a^, which would have been at a^ but for 
the mirror, is at a^^ which is such a point that ay/z^ = a^a^. 
The reflected wave front F^a^F^ is a flatter curve than 
MayN\ hence as the wave recedes from the mirror, it con- 
tracts toward a point / as a center which is farther from 
the mirror than either O or C. Beyond the point / the 
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reflected wave diverges. OF^ is an incident ray, CF^ is 
a radius of the mirror called a radius of curvature^ and 
hence is perpendicular to it at /^. Therefore OF^C is the 
angle of incidence of the ray OF^. FJ is the direction 
this ray takes after reflection ; hence it is the reflected ray 
from Fg, and CF^I is the angle of reflection for this ray. By 
the law of reflection the angle OF^C equals the angle CF^L 




Fig. III. 

Since a focus is the apex of a pencil of light after reflec- 
tion (or refraction), point / is the focus of rays from point 
O, If point / is the source of light, the wave front strikes 
the* mirror first at F^\ then while retreating toward F^ the ' 
point ^8 would advance to position a^, and then be reflected, 
retreating toward a^. Hence the reflected wave front would 
be F^a^, and the wave would converge to point (?, which is 
therefore the focus of light from point /. 

296. Conjugate Foci. — Two points, so related that if the 
object is placed at either of them the image is formed 
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at the other, are called conjugate foci, O and /are conju- 
gate foci. 

297. Principal Focus and Principal Axis. — The principal 
focus of a mirror is the point of convergence of rays which 
were parallel to the principal ^ , 

axis when incident. The prin- 
cipal axis is the line which passes j^_ 
through the middle of the mir- 
ror Fand the center of curvature 
C, Fig. 112. Any other line fig. 112. 

passing through the center of curvature C and any point 
of the mirror, is called a secondary axis, 

S898. Aperture of a Mirror. — The aperture of a mirror is 
the angle formed at the center of curvature by two lines to 
opposite points on the margin of the mirror. 

In Fig. 112 the angle MCN is the aperture, C being the center of 
curvature and -ATFthe principal axis passing through the center of curva- 
ture C and the middle point of the mirror, K, called the vertex. 




Fig. 112 a. 

299. Relation between the Conjugate Focal Distances and 
the Radius of Curvature of a Concave Mirror. — In Fig. 
\\2 a let AfiV represent a concave mirror, Cits center of 
curvature, and XY\\,^ principal axis. If a source of light 
is placed at O, a ray from it incident on the mirror at P 
will be reflected, -making the angle IPC equal to the angle 
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OPC. A second ray incident at V will be reflected back 
on itself since the angle of incidence is zero ; the point of 
intersection /, of these two rays, is the position of the image 
of O ; for all rays from O after reflection from the mirror 
intersect in one point. 

In the triangle OPI the line CP bisects the angle OPI, 
therefore 

QP : IP = OC : CL 

If the aperture of the mirror is small so that P is near F, 
OP will be practically equal to OV and IP to IM^ so the 
proportion becomes 

OV'.IV=OCx CI. 

Representing the distance from the mirror to the object by 
Dot to the image by Z?„ and to the center of curvature by 
R^ the proportion may be written 

DJi - DoDi = DoD^ - DiRy 

DxR + DJi = 2 DJ)i, 

Dividing by DoDiR, 

i- + ± = l. 
Z^o A R 

That is, the sum of the reciprocals of the conjugate focal 
distances equals twice the reciprocal of the radius of curva- 
ture of the mirror. 

300. Relation between the Conjugate Focal Distances 
and the Principal Focal Distance {focal length). — If 
the source of light is very distant, so that the rays 
falling on the mirror are practically parallel, D^ being very 

large, — = o, and the preceding equation then becomes, 
— = -> whence, Di = — 

Lfi K 2 
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The point at which incident parallel rays are brought to 
a focus after reflection is by definition the principal focus^ 
and the distance to this point from the mirror the focal 
length {/) of the mirror. The value of A just found is 
this distance, and is seen to be equal to one half the radius. 

The focal length of a concave mirror is one half the radius 
of curvature^ or the principal focus is midway between the 
vertex of the mirror and the center of curvature. 

Since j = I therefore ;^ + ^^ = j- 

The sum of the reciprocals of the conjugate focal distances 
equals the reciprocal of the focal length of the mirror, 

301. Foci of Concave Mirrors. — The relation of con- 
jugate foci of concave mirrors may be summarized as 
follows : — 



I. When Do = 00, 


A=/. 


2. When Do<^>Ry 


A>/<^. 


3. When A = R, 


Di = R, 


4. When Do<R >/, 


Di>R<oo. 


5. When A =/, 


Di = 00. 


6. When A</, 


Di is negative and the image is virtual. 



302. Principles of Geometrical Construction of Images 
formed by Concave (or Convex) Mirrors. — The image of 
a given object as formed by reflection from a concave 
(or convex) mirror may be determined by making use of 
the following principles of construction: (i) An axial 
ray, i.e. one passing along an axis, is reflected through 
the center of curvature. (2) A ray parallel to the prin- 
cipal axis is reflected through the principal focus, or con- 
versely, a focal ray, i.e. one passing through the principal 
focus, is reflected in a direction parallel to the principal 
axis. 
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303. Application of the Principles. — It is only necessary 
to draw two such rays frorfi an object point and find their 

intersection after 
reflection in order 
to locate the im- 
age; for all rays 
emanating from a 
given object point 
and reflected by 
the mirror are 
brought to the 
same focus (if the 
aperture is small). 

In the accompany- 
ing diagrams (Fig. 
113 a, b, c, dy and e) 
let AB be the object, 
AK an axial ray 
which is reflected 
back on itself, AP a 
ray parallel to the 
principal axis, which 
after reflection be- 
comes a focal ray, 
i,e, passes through F, 
The point of inter- 
section, A*y of these 
rays, is the image of 
A, Similarly B', the 
image of B^ fe found. 



304. Character- 
istics of Imageis 
^^°- "3- formed by a Con- 

cave Mirror. — i. When the object is beyond the center of 
curvature (Fig. 113^): — 
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(i) Location : on the same side of the mirror as the object. 

(2) Kind I real. 

(3) Distance : nearer the mirror than the object. 

(4) Sijse : smaller than the object. 

(5) Arrangement vertically : inverted. 

(6) Arrangement laterally : reversed. 

2. When the object is between F and C (Fig. 113^): — 

The characteristics (i), (2), (5), and (6) are the same as in i. 

(3) Distatice : farther from the mirror than the object. 

(4) Size : larger than the object. 

3. When the object is at C the image is formed at the 
same place, is real, inverted, and of the same size (Fig. 

113 4 

4. When the object is at F there is no image formed^ 
since all the reflected rays are parallel (Fig. 113 rf). 

5. When the object is at infinity the image is a point 
and is located at F (Fig. 113 rf). 

6. When the object is between F and the mirror (Fig. 
113^): — 

(i) Location : on the opposite side of the mirror to the object. 

(2) Kind: virtual. 

(3 ) Distance : farther behind the mirror than the object is in front of it. 

(4) Size : larger than the object. 

(5) Arrangement vertically : erect. 

(6) Arrangement laterally : reversed. 
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Fig. 114. 

305. Relation of Size and Distance of Object and Image. 
- To determine the law for the relative size of the object 
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and image, as before, let A'B' be the image of the object AB 
(Fig. 1 14). The A CAB and CA^B^ are similar. Therefore 

AB'.A'B' = Cx',Cy, 
or AB'.A'B' = R-D^\Di^R. 

But, by a previous proof, 

Henee, AB , A' B' ^ D,i D^, 

Let So represent the size (linear) 0/ the object, and Si the size of the 

image; then 

SoiSi = Do:Di. 

This means that the size of the object and the size of the image 
are proportional to their respective distances from the mirror. 




Fig. 115. 

306. Reflection by a Convex Mirror. — A convex mirror 
is the polished convex surface of a small portion of a 
spherical shell. 

Let AfJV(Fig. 115) be a section of a convex mirror with its center 
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of curvature at C Let O be the source of a light wave whose succes- 
sive fronts are Z^,, F^, F^, F^. When point a^ of the wave front F2 
strikes the mirror, it is reflected back toward O. When the point F2 
reaches F^, point a^, which would have been at ^3 but for the mirror, has 
reached Oq, which is situated so that a^a^ = a^a^. The reflected wave 
front is therefore F^^F^, which is a sharper curve than Ma^N, and this 
reflected wave consequently appears to diverge from a point / behind 
the mirror, but nearer the mirror than C / is therefore the virtual 
focus of O. 

307. Characteristics of a Convex Mirror Image. — Deter- 
mining the image of AB (Fig. 116) formed by reflection 

M 



A'c.-:- 



" ' ^=^^.. 




from a convex mirror, in a manner similar to that used 
with concave mirrors, the characteristics of the image are 
found to be as follows : — 

1. Location : on the side of the mirror opposite to the object. 

2. Kind: virtual. 

3. Distance : nearer the mirror than the object. 

4. Size : smaller than the object (So : Si = V^: D^, 

5. Arrangement vertically : erect. 

6. Arrangement laterally : reversed. 

308. Relation between Conjugate Focal Distances of a 
Convex Mirror. — As proved in the Appendix, § 461, this 
relation may be expressed by the equation — 

J l___2- — — 1 

A A" ^" / 
This equation differs from that for concave mirrors in 
that Di and / are negative, the image and principal focus 
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always being situated on the opposite side of the mirror 
to the object. 

309. Comparison of Virtual Images. — Comparing the 
characteristics of the virtual images of a concave mirror 
with those of a convex mirror and of a plane mirror, it will 
be seen that they are alike in four of the six characteristics, 
differing only in distance and its dependent characteristic 
size, 

PROBLEMS 

1. {a) What is the height of the smallest plane mirror in which a 
man 6 ft. tall can see his full-length image ? (J)) If the man^s eye is 
68 in. above the floor, how far above the floor should the lower edge of 
the mirror be placed ? {c) If the man stands 5 ft. from the mirror, how 
fer from him is his image ? Ans, (a) 3 ft. (^) 32 in. (c) 10 ft. 

2. If a man sees his image in a plane mirror inclined 30° forward from 
a vertical wall, at what angle with the vertical is his image ? Ans. 60°. 

3. An object 2 cm. high is placed 10 cm. in front of a concave mirror 
whose radius of curvature is 15 cm. («) How fer from the mirror must 
one be in order to see the image of this object, allowing a distance of 
25 cm. between the eye and image to permit of distinct vision ? (6) How 
large is the image ? (c) What kind of image is it ? Ans. (a) 30 cm. 
+ 25 cm. = 55 cm. (d) 6 cm. (c) Real and inverted. 

4. At what two distances from a concave mirror whose radius of 
curvature is 25 cm. can an object be placed and have formed an image 
which is twice its size ? Ans, 18.75 cm. and 6.25 cm. 

5. The focal length of a concave mirror is 12 cm. How far from 
the mirror must an object be placed to have formed an image of the 
same size ? Ans, 24 cm. 

6. How far from a convex mirror whose focal length is 8 cm. should 
an object be placed so that the image is } the size of the object ? 

Ans. 24 cm. 
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310. Refraction. — When a light wave passes obliquely 
from one medium into another of different density, the 
direction of the wave is changed owing to the fact that 
light travels with different velocities in media of different 
densities. This change of direction of a light wave under 
these circumstances is called refraction of light. 



n D N 




Fig. 117. 



In Fig. 117 let PQ represent a plane, perpendicular to 
the paper, separating two media of different density as 
indicated. Let AO be^an incident ray and MN a normal 
to the surface of separation at the point of incidence ; then 
OB represents the refracted ray. The acute angle AOM 
is the angle of incidence and is measured between the inci- 
dent ray and the normal. The acute angle • BON is the 
angle of refraction and is measured between the refracted 
ray and the normal. The angle BOD is the angle of devia- 
tion and is measured between the refracted ray and the 
prolongation of the incident ray. If the incident ray is in 
the rarer medium, the angle of incidence equals the sum 
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of the angles of refraction and deviation.; if it is in the 
denser medium, the angle of incidence equals the difference 
between these angles. 

In Fig. 117 d5, ^ MOA = '^ NOD = ^ NOB ^- '^ BOD. 
In Fig. 117 b; ^ AOM= ^ NOD = '^ NOB - ^ BOD. 

311. Illustration of Refraction. — To illustrate how the 
change of direction of wave front, and consequent change 

of direction of prop- 



agation, is caused, 
suppose a regiment 
of soldiers "in col- 
umn of companies " 
(Fig. 118), i.e. the 
men in each com- 
pany in line, shoul- 
der to shoulder, and 
the companies one 
behind the other, 
to march diagonally 
across a public 
square one half of 
which is smoothly 
paved and the other 
half roughly paved 
as indicated in Fig. 
118. Since it is 
more difficult to march on the rough than on the smooth 
pavement, the rate of progress will be correspondingly 
slower, and if the cadence is preserved, the steps will be 
shorter. In the supposed case the right of a company front 
advances upon the rough pavement first and therefore has 
its progress retarded earlier than its left. This will make the 




Rough 
Pavement 



Fig. 118. 
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company front a broken line while in the act of crossing the 
line of separation of the two pavements, as company Cin the 
diagram. When, however, the whole company has advanced 
on the rough pavement the company front will again be a 
straight line, as company A or B, but not parallel to the 
original company front, as company D or £, because the 
right has been under the retarding conditions longer than 
the left and as a consequence the "line of march,** i,e. the 
direction of forward motion, will have been changed. 

312. Index of Refraction. — Suppose a plane light wave 
to strike a surface of glass obliquely and that the velocity 
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Fig. 119. 

of light in glass is two thirds of its velocity in air. The 
line a^b^ (Fig. 119) is the wave front at the instant the 
point a^ reaches the glass. While the light travels from 
b^ to ^a the portion which has entered the glass at a^ will 
travel a distance equal to two thirds of b^^. 

With a^ as a center and with a radius equal to two thirds 
describe an arc. From ^2 draw a line tangent to 
this arc. This line b^^ will be the refracted wave front, 



of b^b^ 
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and the direction of the light in the glass will be perpen- 
dicular to this or along the line a^a^, or 6^6^. Draw the 
normal PP' to the refracting surface at i^- The angle 
^1^2^ ^s the angle of incidence. The. angle b^b^P^ is the 
angle of refraction. The angle b^a^b^ equals the angle 
\b^P and the angle a^b^^ equals the angle b^b^P' since 
the sides are perpendicular to each other. 

-^ = sine of ^ b^a^b^ = sine of the angle of incidence. 

-^ = sine of ^ a^b^a^ = sine of the angle of refraction. 
Therefore 

Ma 

tf 1 ^2 _ ^1 ^2 _ sine of ^ of incidence __ 3 ^ _ x 
a^a2 ~ a^a^ ~ sine of ^ of refraction ~ 2 ^ "" '^'^* 

The ratio of the sines of the angles of incidence and of 
refraction for any two given media is called the index of 
refraction for those two media, and its value is denoted by 
the Greek letter /a (pronounced mu). 



r' n 




Fig. 120. 



313. Graphic Construction of a Refracted Ray. — Repre- 
senting the incident and refracted rays (Fig. 119 ^) by 
single lines, parallel respectively to the incident and re- 
fracted paths of the plane wave, it is evident that, since 



REFRACTION OF LIGHT 215 

^1 = ^2 and ^3 = 2(:4, - = ^=^- This furnishes an 



easy means for constructing a refracted ray when the 

angle of incidence is given and the index of refraction, 

ffi 
/A = — , is known. The steps are suggested by the diagrams 

in Fig. 120. A line through B from O is the refracted ray. 

314. Index of Refraction for Two Given Media; — For 

any two media the index of refraction for light passing 
from one into the other is the reciprocal of the index for 
light passing from the second into the first, e.g. the index 
of refraction from air to glass is f , from glass to air is f . 

The index of refraction for the same two media is con- 
stant, irrespective of the size of the angle of incidence at 
which the light strikes the surface of separation, provided 
this angle is not zero. SnielVs Law of Sines expresses 
this fact as follows : If homogeneous light is refracted 
at a plane surface separating two homogeneous media, the 
sines of the angles of incidence and of refraction bear a 
constant ratio to one another. 

For example, the index of refraction from air to water is |, and no 
matter at what angle of incidence the light enters the water frbm air 
the sine of the angle of incidence is J of the sine of the angle of 
refraction. 

315. The Critical Angle of Refraction. — If a source 
of light, shrouded so that light can issue from it in 
but one direction, is placed under water at a point 
V (Fig. 121), and the incident light has the direc- 
tion VOy the direction in the air will be OA such 
that the sine of angle POA («i) is | of the sine of 

angle QOV (mA or — = -• If the source of light is moved 

to Z" so that the incident light has the direction Z"(9, 
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the light in the air will take the direction OB so that 

^= -• If again the light is moved to Z'" so that the ray 
^2 3 

OC on emerging from the water just skims the water sur- 
face, taking the direction OR^ the angle of incidence 

p 




QOV is then the greatest possible in order that refrac- 
tion can take place and the angle of refraction is 90"*. If 
the light is moved still farther, to Z" ", the incident light 
takes the direction Z" "O, but since the light cannot pass 
into the air, the water surface acts as an opaque plane 
mirror and totally reflects the light in the direction ODy 
so that ^ QOL!^^^^ ^ QOD, The maximum angle of in- 
cidence in the denser of two media at which refraction can 
take place is the critical angle for these two media. 

The value of the critical angle for water and air is 48° 36' because 
-5 = - ; the sine of 90° is i, therefore sine / = .750, or / 



sine / 



sine t 



sine r sine 90 
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(the critical angle) = 48° 36'. In a similar way it is found that the 
critical angle for glass into air is 41° 48'. 

316. Relation of the Angle of Deviation to the Angles 
of Incidence and of Refraction. — The angle of deviation 
changes in value as the angle of incidence changes, being 
zero when the angle of incidence is zero and increasing 
toward a maximum as the angle of incidence approaches the 
critical angle. If the incident ray is in the denser medium, 
the maximum value of the angle of deviation is the com- 
plement of the angle of incidence, since the angle of refrac- 
tion in this case is 90**. If the incident ray is in the rarer 
medium, as the angle of incidence approaches its limit of 
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Fig. 122. 
90^ the angle of refraction approaches the critical angle as 
its limit, and the maxjmum deviation is the complement of 
the angle of refraction. 

317. Incident and Emergent Rays with a Parallel-faced 
Ifedium. — If light passes through a transparent body with 
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parallel faces, the emergent ray O'A^ (Fig. 122 a) is par- 
allel to the incident r2iy AO, because with the same pair of 
media fi is constant and the angle of refraction at O equals 

the angle of incidence at O', and since 11 = ?^— = ?H^?4i 

smer smer 

and sine r= sine i', sine i' = sine r' or i=r^ (if the sines 

are equal, the angles are equal). The normals MN and 

M'N^ are parallel, therefore i being equal to r', the ray 

AOis parallel to the ray O'A'. 

The same thiijg may be proved with Fig. 122 d, which is 

a diagram of a plane wave through a glass plate. 

318. Incident and Emergent Rays with a Triangular 
Prism. — The path of a plane wave through a transparent 




Fig. 123. 



triangular prism is shown in Fig. 123 a. If the prism is 

sine ^ MOA ^ 3 
sine ^ NOO^ " 2 



glass and the surrounding medium air, 



The wave passes in the direction 00' until it reaches the 
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other face of the prism, when it is again refracted so that 

sine ^ AfO'A' " 3 

319. Angle of DeTiation and Refracting Angle of a Prism. — 
Referring to Fig. 123 a, the acute angle A' CD formed by the emergent 
ray (yA' produced backward and the prolongation of the incident ray ^C? 
is the angle of deviation of the prism and evidently is equal to the sum 
of the two angles of deviation, O'OC and A'CyUj formed by the passage 
of the ray through the prism. The amount of deviation depends upon 
three conditions : the refracting angle (^R) of the prism, the substance 
of which the prism is composed, and the angle of incidence. 

For a given prism the deviation is a minimum when the angles of 
incidence and of emergence are equal. 

320. Effects of a Pair of Prisms. — If two prisms are 
placed base to base as shown in Fig. 124 and light from a 
source O passes through 
prism P^i its path is Oabc, 
Light from the same source 
passing through prism Pg 
will have the path Odeg. 
These two rays intersect at 
point F, which is therefore the focus of light from O and 
is the location of the image of O, 

If the two prisms are placed with their refracting angles 
together as shown in Fig. 125, light from O through prism 
P^ will take the path Oabc^ and 
through prism P^ the path Odeg, 
The effect is to render the rays still 
more divergent and no real focus of 
this light exists, but the emergent 
rays, be and eg^ seem to come from 
a point F on the same side of the 
prisms as the source O, and F is 
therefore a virtual focus of rays from O. These facts 




Fig. 124. 




Fig. 125. 
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must be kept in mind in order to understand the effect of 
a lens. 

321. Lenses. — A lens is a solid transparent body bounded 
by two surfaces, one, or both, of which is curved. Lenses 

6 c _d_ e f 



Fig. 126. 

are either converging or diverging: a, b, and ^ (Fig. 126) 
are converging types and, as shown, are thick in the middle ; 
d.ey and /are diverging types and are thin in the middle. 

322. Effects of Lenses on Wave Fronts. — The thick-m- 
the-middle class of lenses retards the middle of the wave 

most since that part trav- 
erses more of the lens 
than the part near the 
margins and this has the 
following effects: (i) of 
making a plane wave 
front concave in the di- 
rection it is moving (Fig. 
127 tf); (2) of increasing 
the concavity of a con- 
cave wave front (Fig. 
i2y b)\ (3) of decreasing 
the convexity of a con- 
vex wave front (Fig. 
127 c). The thin-in-the- 
middle class of lenses evidently produces results exactly 
opposite, as shown in Fig. 128 ^, by c. 




Fig. 127. 
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323. Optical Center. — The optical ztxi\&x of a lens is a 
point such that rays passing through it are not deviated 
from their paths. The location of this point must then be 
such that all rays pass- 
ing through it enter and 
leave the lens at points 
on the two surfaces 
where the tangents are 
parallel. The point O in 
Fig. 129 indicates the 
optical center of various 
types of lenses; in a 
double convex or double 
concave lens it is at the 
center of the lens. 

Any ray passing 
through the optical cen- 
ter of a lens is called an pj^ ^^ 
axis. That axis which 

also passes through the center of curvature C (Fig. 129) 
is called th^ priticipal axis, XY\ any other axis, as AA\ is 





>r Xr-*- 




called a secondary axis, A ray passing through the optical 
center, upon emerging from the lens, has a direction par- 
allel to its incident direction, i.e, is not deviated, and if the 
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lens is thin the amount of lateral displacement is small 
and may be neglected. 

324. Principal Focus af a Lens. — The point to which a 
plane wave parallel to the principal axis of a lens is brought 
to a focus after passing through the lens is the principal 
focus of the lens, and the distance from the lens to this point 
is the focal length (/) of the lens. 

If the index of refraction is |, the principal focus prac- 
tically coincides with either center of curvature of a double 
convex lens. 

325. Principles of Diagrammatic Construction of Images- 
formed by Lenses. — As in the case of mirrors the image 
formed by a lens may be readily determined by making use 
of *two simple principles of construction : (i) an axial ray, 
i,e, one coinciding with an axis, does not change its direc- 
tion on passing through a lens ; (2) rays parallel to the 
principal axis on one side of the lens become focal rays, 
i.e. pass through the principal focus, on the other side, 
and vice versa, 

T 

A 




Fig. 130. 



Application of the Principles. — Let AB, Fig. 130, 
be an object placed so that Do>R but <2 R. Draw from 
A an axial ray AOA'. Draw a second ray from A parallel 
to the principal axis and, after emerging from the lens^, as a 
focal r2iy. These rays intersect at A'y which as explained 
for mirrors is the image of -^. By drawing fwo rays simi- 
larly from B the image B^ may be found. 
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327. Characteristics of a Real Image formed by a Lens. — 

The image A^B^ has the following characteristics : — 

1 . Location : on the side of the lens opposite to the object. 

2. Kind: real. 

3. Distance: greater than 2R but less than 00. 

4. Size : larger than the object ; the A AOD and A'OD' being similar, 
So-Si = Do'.Di. 

5. Arrangement vertically : inverted. 

6. Arrangement laterally : reversed. 

If A'B' is the object, then AB is the image having char- 
acteristics differing from the above only in distance and 
size, Di being > R but <2R and the image being smaller 
than the object. If the object distance equals 2 R, the image 
distance is 2 ^ and the object and image are of equal size. 




Fig. 131. 

328. Characteristics of a Virtual Image formed by a 
Convex Lens. — Let AB (Fig. 131) be an object where 
Do < R» Draw as before two rays from Ay one an axial 
ray and the other parallel to the principal axis and, after 
passing through the lens, as a focal ray. These emergent 
rays are divergent and will neyer meet, but they seem to 
come from a ppint A' on the same side of the lens as the 
object but farther from the lens. By drawing two similar 
rays from B its image B' may be located. 

The image A'B' has the following characteristics : — 

1. Location : on the same side of the lens as the object. 

2. Kind: virtual. 

3. Distance : feirther from the lens than the object. 
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4. Size: larger than the object {S^ '.Si = Do' Di), 

5. Arrangement vertically : erect. 

6. Arrangement laterally : «d7/ reversed. 

The formation of a virtual image with a lens in this 
way represents the action of a simple microscope or ordi- 
nary magnifying glass. 

329. Comparison of Images formed by Lenses and Mir- 
rors. — Comparing the kinds of images formed by lenses 
and mirrors, the following points should be noted : — 

1. Only the thick-in-the-middle class of lenses and con- 
cave mirrors form real images. 

2. All other lenses and mirrors form virtual images. 

3. Light passes through a lens, while it does not pass 
through a mirror but is reflected by it. Hence, — 

4. In the case of a lens a real image is on the side of 
the lens opposite to the object, and a virtual image is on 
the same side as the object. 

5. In the case of a mirror a real image is on the same 
side of the mirror as the object, and a virtual image is on 
the opposite side of the mirror. 




' Fig. 132. t 

330. Relation between the Conjugate Focal Distances and 
the Focal Length of a Converging Lens. — Let AB (Fig. 
132) be an object perpendicular to the principal axis of a 
thin converging lens ZZ, O the optical center of the lens, 
and F its principal focus. Draw from A an axial ray and 



REFRACTION OF LIGHT 225 

one parallel to the principal axis, and locate the point A' 
as the image of A, Make the same construction for B 
and B^. 

The AAOD and A'OD' are similar, therefore AD : A^D' 
= ODiOD'. The AEOF and A'D^F are similar, there- 
fore EO:A^D'±=OF:FI)': But EO^AD, hence E0\ 
A'D' = AD : ^'Z?' and (9Z? : OD' = 0/?^: i^D'. Using the 
symbols D^, D^^ and / for OD, 0D\ and OF^ respectively, 

DJ)i-D,f^Dif, 

Dividing by DoT>ifj 

Do . A / 

i,e, the sum of the reciprocals of the conjugate, focal distances ^ 
equals the reciprocal of the focal length of the lens. 

PROBLEMS 

1. If the index of refraction from air to glass is 1.5, and light is inci- 
dent on a glass plate at an angle of 45 ^^^ what is the angle of refraction ? 
Ans. 28+°. 

2. If the index of refraction from air to diamond is 2.5, what is the 
critical angle of refraction for diamond ? Ans, 23.5°. 

3. If light strikes a glass prism with a refracting angle of 60^ at an 
angle of incidence of 45°, what is the deviation if the index of refraction 
= 1.5? Ans,37.7s°. 

4. If the focal length of a camera lens is 30 cm., (<z) how far from 
the lens should the plate be in order to be in focus when photographing a 
distant object ? (p) What is the distance of the plate from the lens if 
the object to be photographed is 80 cm. from the lens ? (c) How large 
an object at the 80 cm. distance can be photographed on an 8 x 10 plate ? 
Ans. (a) 30 cm. (d) 48 cm. (c) I3i x i6| in. 

5. (a) In focusing a camera for near objects, must the lens be nearer 
to or farther from the plate than for distant objects ? (d) Prove by 
diagram. Ans. (a) Farther. 
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6. A photographer places a vase 6 ft. in front of a lens and takes, a 
picture J its real height, (a) What is the distance of the plate from 
the lens ? (Jb) What is the focal length of the lens ? Ans, (a) i8 in. 
(6) 14.4 in. 

7. An object 3 in. high is placed 30 in. in front of a lens whose focal 
length is 12 in. (a) What is the height of the image ? (d) Will the 
image be real or virtual ? Ans, (a) 2 in. (d) Real. 

8. Describe what a fish, at a point some distance below the surfece 
of a clear, quiet pool of water, may be supposed to see on looking up- 
ward at the surface, (a) of the region above the surface ; (d) of the 
region below the surface. 
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Fig. 133. 



331. The Spectrum. — When a beam of ordinary white 
light passes through a prism it is not only refracted but 
is also dispersed^ i.e, is separated into what appears to 
the eye as a series of K 
different hues or colors, 
called a spectrum (Fig. 
133). The order of the 
colors in such a spec- 
trum is red, orange, yel- 
low, green, blue, and violet, the red having the least, and 
the violet the greatest, angle of deviation, as shown in 
Fig. 134, in which ^DPR<:4.DPG<^DPV. 

332. Angle of Dispersion. — The angle TJ/'F formed by 
the extreme red and violet rays is called the angle of dis- 
persiofiy and is equal to the difference between the angle 

of deviation of the 
violet and that of 
thered, />.^i?/'F' 
= -^ DPV - -^ 
DPR. Dispersion, 
therefore, is due 
simply to different degrees of deviation of the components 
of white light, the complexity of whose nature is thereby 
revealed. 

333. Cause of Dispersion. — Under the subject of refrac- 
tion it was shown that deviation is caused by a change of 
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Fig. 134. 
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velocity, and that the degree of deviation depends on the 
amount of change of velocity. 

From this it follows that the velocity of the red com- 
ponent is retarded least, and that of the violet most, on 
entering the glass ; while on emerging again into the air 
and resuming their original equal velocities, the red is 
accelerated ^Q least, and the violet the most of any of the 
several components. 

The explanation of this lies in the fact that ordinary 
white light is the resultant of waves of infinite variety of 
length, ranging between the limits of 380 and 720 microns. 
Since these waves keep abreast of each other in the ether 
and practically so in the air, the wave lengths are inversely 
proportional to their frequencies. On entering dense mat- 
ter, however, the shorter waves meet with greater resist- 
ance than the longer ones do, with the result that the shorter 
waves lag behind the longer ones and are consequently 
deviated to a greater degree. 

i 

334. The Rainbow. — The same scale of colors as that 
formed by a prism is seen in the rainbow^ which, in fact, 
is produced in much the same way, the drops of water 
taking the place of the prism. 

335. Chromatic Aberration. — When refraction only is 
considered, the mean angle of deviation is taken, i.e. the 
deviation of an intermediate ray, as ^ DPG, Close exam- 
ination, however, will show that whenever light passes 
through an ordinary lens or prism it becomes more or 
less fringed with color due to dispersion, which, of course, 
is a defect so far as the use of a lens is concerned, and is 
called chromatic aberration. In order to explaiin how this 
defect is corrected, it is necessary to understand the fo!- 
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lowing facts about flint and crown glass. Flint glass is a 
double silicate of lead and potassium, while crown glass, 
such as window glass, is a double silicate of calcium and 
sodium, A flint glass prism having a refracting angle of 
(say) 15*" will form an angle of dispersion equal to that 
formed by a crown glass prism having a refracting angle 
of about 30^ or double the other ; but this equal angle of 
dispersion in the crown glass will, as a whole, be accompa- 
nied by a considerably larger angle ^f deviation, because 
of its greater refracting angle. 

Let FP (Fig. 135) represent such a flint glass prism, AB being an 
incident ray; the '^RBV is the angle of dispersion and DBG is the 
mean angle of de- 
viation. 

Likewise in Fig. 
136, let CP repre- 
sent the crown glass 
prism mentioned. 
Here '^R'B'V is 
the angle of disper- 
sion and^Z^'^'G^' 
the mean angle of 
deviation. 

Now if two such 
prisms are com- 
bined, with their 
refracting angles 
reversed, Fig. 137, 
it is evident that the 
refracting power of 
the one will coun- 
teract that of the 

other, equal amount for equal amount. The dispersions are opposite in 
order and equal, and will therefore disappear, but the deviations while 
opposite are unequal, and there will remain a deviation equal to the 
difference between the two mean deviations, i.e., ^D"B" E^^U E'd 
-^DBG. 




Fig. 137. 
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336. Achromatic Lens. — A combination lens, one part 
made of crown and the other of flint glass, so constructed 
that the dispersions exactly counteract each other, 
leaving the excess of deviation of the crown glass, 
is called zxi'achroniatic lenSy i.e. without color defect. 
Figure 138 represents such a lens : Fv& a flint glass 
lens of the thin-in-the-middle type, C is a crown 
glass lens of the opposite type. 




Fig. 138. 



337. Direct-vision Spectroscope. — It is evident also that 
flint and crown glass prisms may be fitted together so as 
to counteract the mean deviations and still have consider- 
able dispersion. This principle is made use of in the direct- 
vision spectroscope. A flint glass prism having a refracting 
angle of 52° will produce the same mean deviation as a 
crown glass prism having a refracting angle of 60**, but 
the angle of dispersion for the flint glass prism will be the 
greater. 

Let /^P (Fig. 139) 
and CP (Fig. 140) 
represent two such 
prisms respectively. 
It is evident that, if 
the refracting powers 
of such a pair of 
prisms are opposed 
by reversing their re- 
fracting angle, the 
mean deviation will 
be reduced to zero, 
while there will re- 
main a small amount 
of dispersion amount- 
ing to the difference 
between the two sepa- 
rate dispersions. For 




Fig. 140. 
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'^DBG='^D'B'G', and their algebraic sum is zero, counting plus 
above and miiius below the line of the incident ray, and the combined 
effect of both prisms makes GB and G'B' both coincide with the prolon- 
gation of the incident ray. Since ^ R'B' l/' < ^ y?i5 ^ and ^^'B 'R' > 
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Fig. 141. 



^ DBRj the resultant red deviation by the combined prisms is a little 
below the line of the incident ray, and the resultant violet deviation is 
a little above this line. One arrangement for producing such a result 
is shown in Fig. 141, /^ and C being prisms of flint and crown glass 
respectively. A train of such prisms increases the amount of disper- 
sion, but the loss of light by absorption limits the number of prisms 
that may be used to advantage. 




Fig. 142. 

A spectroscope is an instrument by which a sharp, well- 
defined spectrum may be formed and observed. A direct- 
vision spectroscope consists of a train of prisms such as 
shown in Fig. 142, near one end of which, and parallel 
to the edges of the prisms, is a narrow adjustable slit, 5, 
through which the light 
enters. At the other end 
is a telescope, 7", for 
viewing the spectrum. 

The ordinary prismatic 
spectroscope. Figs. 143 
and 144, has but one 
prism, and consequently 
the tubes carrying the 
slit and the telescope fig. 143. 
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form an angle with each other corresponding to that 
formed by the incident and the mean refracted ray pass- 
ing through the prism. 




FIG. 144. 
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338. Different Kinds of Spectra. — The spectrum of sun- 
light (daylight) is called the solar spectrum. This band of 
colors is interrupted by many nar- 
row black lines, called after the Ger- 
man scientist who first made a careful 
study of them, Fraunhofer lines. The 
most conspicuous of these lines are 
designated by the letters A^ B^ Q etc., 
as shown in Fig. 145. Each star also 
has its own set of characteristic dark 
lines in its spectrum. Such a spec- 
trum is called a discontinuous spec- 
trum. 

The spectrum of light from an in- 
candescent (white hot) solid or liquid 
has no such lines crossing it and is 
therefore called a continuous spec- 
trum. 

The spectrum of light from a 
luminous gas or vapor consists of one or more very nar- 
row, sharply defined zones of color, the intervening spaces 
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Fig. 145. 
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being dark. This is called a bright line spectrum. Each 
of the chemical elements in the gaseous or vapor condition, 
when at a sufficiently high temperature to be luminous, 
gives a spectrum which is different from that of any 
other element, i.e, its spectrum is characteristic of the par- 
ticular jelement, and spectrum analysis, or the identifying of 
an element by means of its spectrum, is based on this fact 

The spectrum of light from an incandescent solid or 
liquid when the light is made to traverse a gas or vapor 
which is at a lower temperature than the source, is disconr 
tinuous, i,e. is interrupted by dark lines, and these dark 
lines correspond exactly to the bright lines which the gas or 
vapor would give if observed by itself when sufficiently 
heated. Such a spectrum is called a reversed spectrum. 
Herein lies the explanation of the existence of the Fraun- 
hofer lines : Light coming from the incandescent nucleus 
of the sun penetrates the surrounding cooler gases and 
vapors, which produce a reversal of their own spectra, 
resulting in the dark lines of the solar spectrum. Nearly 
all of the many thousands of these lines in both the solar 
and the stellar spectra are found to correspond to the 
spectra of terrestrial elements, showing beyond question 
that the earth, sun, and stars are, in general, of the same 
material composition. 

The spectrum of light which has passed through a trans- 
parent colored substance generally consists of one or more 
broad zones, not sharply defined, the colors of the dark in- 
tervening zones having been absorbed. This is called an 
absorption spectrum. 

339. Color. — By using the term color in the subjective 
sense the subject may be more clearly and accurately dis- 
cussed than is otherwise possible. This implies, to begin 
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with, that external to the mind there is no such thing as 
redness, or greenness, or blueness, etc., but that physical 
conditions exist there which give rise to such ideas through 
the sensations they may produce. 

The necessity of making a distinction between the cause 
and the effect in this case lies in the fact that the same sen- 
sation may be produced by quite different external physical 
conditions. For example, when the ordinary spectrum is 
synthesized, i,e. recombined, the light thus formed again 
produces the sensation of white as it did originally before 
being dispersed. Again, if red, green, and violet light, 
and these only, are combined, the same sensation of white 
results. The sensation of white is also produced by a 
combination of yellow and blue light, or of blue and purple 
light, or of purple and ' yellow light. Furthermore, the 
sensation of yellow is produced either by waves from a 
single narrow zone of the spectrum or by the combination 
of waves from two narrow zones widely separated and 
totally different from each other, one being red, the other 
green, when viewed separately. 

The sensation of blue is produced either by waves from 
one narrow zone or from two distinctly different zones, one 
being the same green zone that enters into the composition 
of yellow and the other being violet. In fact, red^ greetiy 
and violet are the only color sensations which can be pro- 
duced in one and only one way, viz. by waves from a single 
restricted zone of the spectrum ; while all other color sensa- 
tions may be produced by combinations of these three 
sensations. Hence red, green, and violet are called the 
fundamental color sensations in the subjective sense, or, for 
convenience, ih^ fundamental colors. 

340. Trichromatic Theory of Color Vision. — The tri- 
chromatic theory of color vision, first suggested' by Dr. 
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Thomas Young, the eminent English scientist, about the 
year 1800, assumes: — 

(i) That the eye is capable of forming three and only 
three color sensations. These are red^ green^ and violet^ 
and are called the fundamental color sensations, 

(2) That all other color sensations, including white, are 
produced by combinations of the fundamental sensations. 
Black or darkness is the absence of all sensation. 

(3) That the fundamental red sensation is most strongly 
excited by waves about 615 microns long, the effect grow- 




FlG. 146. 



or 



ing weaker as the length of the waves increases 
decreases from this value, extending, however, over con- 
siderable range of wave lengths. In precisely the same 
way the fundamental green- and violet sensations are most 
strongly excited by waves of 570 microns and 450 rtiicrons 
in length respectively, the effect falling off on both sides 
of these values. 

In Fig. 146 the base line represents the length of a 
normal solar spectrum with the prominent Fraunhofer 
lines marked. The numbers are the several wave lengths 
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in microns. The effectiveness of the several waves in 
exciting the red, green, and violet sensations is repre- 
sented by the ordinates of the three curves so marked. 
It will be observed that these curves overlap each other 
to a considerable extent and the great complexity of color 
sensations is due to this fact. 

For instance, yellow is always complex, consisting of a 
combination of red and green sensations, no matter whether 
produced by waves from the separate red and green zones 
or by waves 580 microns long from the single intermediate 
zone, since the same result follows in either case : the red 
and green sensations are both equally excited. The facts 
are the same concerning the blue sensation; while the 
sensation of white results whenever the three fundamental 
sensations are normally excited together. 

341. Combinations of Colored Light — Red, Green, and 
Violet. — If, by means of a triple projecting apparatus 

(the von Nard- 
roff Color Mixer, 
Fig. 147, is well 
adapted to this ex- 
periment), three 
circles of colored 
light — one red, 
one green, and 
one violet — are 
^^^- ^47. thrown on a 

screen, as shown in Fig. 148, and are then made to overlap, 
as in Fig. 149, the central area, W, common to all three 
circles appears white. This is what would be expected 
from the theory, since the light reflected from this area to 
the eye is such as to excite all three fundamental sen- 
sations normally and at the same time. Again, the area, 
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F, common to the red and green circles appears yellow 
because the light reflected thence into the eye equally 
excites the fundamental red and green sensations. Like- 
wise the area, C/, common to the green and violet circles 
appears blue ; while the area, P, common to the violet and 
red appears purple. 

342. Combinations of Colored Light — Purple, Yellow, 
and Blue. — Again, proceeding in the same way, let the 
three circles be colored with purple, yellow, and blue light, 




Fig. 148. 

which is accomplished by interposing in the beams of light 
near the lens ray filters,/-/, jj^-/, and v-f^ each of which trans- 
mits only the desired zone of the spectrum. Obviously 
the spectroscope must be used to determine the kind of 
the light transmitted by such a filter. As shown in Fig. 
150, the areas common to any two of the three circles, as 
well as that common to all three, appear white, which is in 
accordance with the theory, since all three fundamental 



238 



PHYSICS 



sensations are normally and simultaneously excited by the 
light from any of these areas. 

343. Results of Experiments expressed in Equations. — 

These results may be expressed in equations by using the 
initial letter to represent a color, letting U represent blue 
and j9, black. No quantitative value can, however, be 
attached to the symbols as here used : — 

R^G=Y\ G^V=U\ V^R^P, R-\-G^V=W, 



y+ (/ = 


R + G -\- G -\- y= 


IV. 


U^P = 


G-\- V-\- V-^R = 


W, 


p^ y= 


V-\-R-\-R-\- G = 


W, 



Y^-l/ + P=R+G+G+y-\-V+R=W. 



Tri]>li 




Fig. 149. 



344. Composition of White Light so far as the Eye is 
Concerned. — It will now be readily understood that while 
the actual number of components of ordinary white light 
is very great, yet so far as the eye is concerned it may be 
considered that such light is made up of three and only 
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three components, each of which excites a fundamental 
color sensation. 

345. Application of the Trichromatic Theory in Color 
Photography. — The most successful results thus far ob- 
tained in color photography are based upon the fact that, 
instead of trying to photograph all the varieties of color 
in nature, it is only necessary to get photographic effects 
corresponding to the three fundamental color sensations, 
and then to synthesize the three fundamental colors in 
accordance with the effects thus obtained. 




Fig. 150. 



346. Color of Opaque Bodies. — A white object owes its 
appearance to the fact that it reflects the several compo- 
nents of white light equally, the absorption (which is 
generally considerable) also being equal. If there is com- 
plete absorption of the incident light, the body appears 
black, i,e, it is not itself seen, and if distinguished at all 
it is by the projection of its outline on other reflecting 
surfaces. 
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The color of a body, as seen in ordinary white light, is 
due to the fact that certain components of the incident 
white light, are absorbed by the body, while the remaining 
components are either reflected or transmitted wholly or in 
part. In general, color results from the suppression of 
other colors, A red rose absorbs to a large degree all 
other components except the red which it reflects ; while 
the green leaf reflects principally green, absorbing the 
remaining components almost entirely. This may be 
shown by holding the rose and leaf in the red zone of 
the spectrum : the flower will have a vivid color, but the 
leaf will appear almost black ; or again, if they are held 
in the green zone, the conditions are exactly reversed. 

347. Color of Transparent Bodies. — Many substances 
transmit, i.e, are transparent to, certain components of 
white light, absorbing the others, e,g, colored glass, many 
crystals and solutions. Here again the resulting color is 
due to the suppression of other colors, and if examined 
with a spectroscope absorption spectra are obtained. 

348. Pigments — Opaque and Transparent. — Paints, or 
pigments, produce their color either by reflecting the com- 
ponents they do not absorb, or else by transmitting them 
to a white reflecting surface beneath and then retrans- 
mitting them. Ordinary paints as a rule act in the first 
way and are called opaque pigments ; while stains and 
dyes and many of the paints used by the artist act largely 
in the second way and are called transparent pigments. 
It is evident that only those components of white light 
which remain unabsorbed by a pigment can be effective in 
producing color. 

349. Superposition of Transparent Pigments — Red, Green, 
and Violet. — To illustrate this point, let three intersecting 



* 



DISPERSION OF LIGHT; COLOR 24I 

circles be drawn on the surface of white paper (Fig. 151); 
let the first be colored with red, the second with green, 
and the third with violet transparent pigments. The 
result is plainly quite different from that produced when 
lights having these colors were used; for here the area 
common to any two, as well as that common to all three 
circles, is blacky which means that all the components of the 
incident white light are absorbed in these areas. Bearing 
in mind that ^* so far as the eye is concerned^' there are but 
three components in white light, viz. red, green, .and violet, 
it is evident that the white paper is white because it reflects 
to the eye all three components of the incident light. The 
transparent red pigment, however, absorbs the green and 
violet components, transmitting only the red which is re- 
flected by the paper beneath and again retransmitted by the 
pigment so that red only comes from that area to the eye. 
In like manner the green pigment absorbs the red and 
violet components, leaving only the green to be transmitted, 
reflected, and retransmitted to the eye; and so with the 
violet which absorbs the red and green components and 
transmits the violet. 

Where any two (or all three) of these pigments overlap 
it is evident that their combined effect is a complete ab- 
sorption of all the incident light. 

350. Results expressed In Equations. — Letting a small 
initial letter be the symbol for the color of a transparent 
pigment, these results may, as before, be written in the 
form of equations : — 

v^ W-R-G^ V 
r^'g^W^R'-G-V^B 
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gJtV = W-R-G-V=B 

r^v=lV-R-G-V=B 

r'\-g+v=lV-R-G-F=B 

351. Superposition of Transparent Pigments — Purple, 
Yellow, and Blue. — Again, let three intersecting circles be 
colored with purple, yellow, and blue transparent pigments 
(Fig. 152). The result is that only the area common to 
all three circles is black, while that common to the pur- 
ple and yellow is red, that common to the yellow and 
blue is green, and that common to the blue and purple is 
violet. Evidently the pigments used in this case are quite 
different in their nature from the other set. " So far as the 
eye is concerned'' the yellow pigment absorbs only the 
violet component, transmitting and retransmitting after re- 
flection by the paper beneath, both the red and green com- 
ponents, which produce in the eye the complex sensation 
of yellow. In the same way the blue pigment absorbs the 
red component and transmits the green and violet, causing 
the complex sensation of blue; while the purple absorbs 
the green and transmits the red and violet. 

The area common to all three pigments is black, because 
each pigment absorbs one of the three components. 

352. Results expressed in Equations. — As before, these 
results may be shown by equations : — 

p^W~-Gz=p 

p+y=lV-G-y = R 

y-\-u= W-V^R=G 

u + p=lV-R-G=y 

p+y + u = lV-G- V-R^B 



Fig. 153 A. 




Fig. 153 C. 




Fig. 153 D- 




Fig. 153 E. 
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Each of these pigments transmits two components and 
absorbs one. A combination of any two transmits one and 
absorbs two components. From this it follows ^2X purple, 
yellow, and blue transparent pigments may be made to give 
all the colors that the eye can see. For this reason they 
are popularly known as the ^^ primary colors*^ 

353. Practical Application in the Process of Tricolor 
Printing. — The explanation of the process of tricolor 
printing will now be readily understood. Figure 153 is a 
tricolor print made by superposing the three single color 
prints shown in a, b, c, one in purple, one in yellow, and 
one in blue transparent ink. In d the yellow and purple 
prints are shown superposed, and in e the superposition of 
all three gives the complete picture. While the prints, as 
a whole and in every detail, have exactly the same measure- 
ments, the inks are differently distributed on each print so 
that the combined effect is in accord with the preceding 
explanation. The printing plates from which the impres-r 
sions are made are produced by photography, hence this is 
called a color-photography process. 



CHAPTER XV 
MAQNETISM 

354. Magnet Defined. — A magnet is a substance which 
will attract certain other substances, such as soft iron and 
steel, and which, if in the shape of a bar and suspended 
freely in a horizontal position, will point approximately 
north and south. 

356. Magnets Classified. — Magnets may be classified 
according to their origin as natural or artificial. A natu- 
ral magnet is an ore called lodestone, an oxide of iron 
and which, as found in the earth, possesses the properties 
of a magnet. An artificial magnet is one which has been 
made to acquire the properties of a magnet by one of the 
several methods of magnetizing (§ 359). 

A magnet which, having been subjected to magnetization, 
retains its magnetism after the magnetizing force has been 
removed, is called a permanent magnet ; while one which, 
when the magnetizing influence has been removed, loses the 
properties of a magnet, is called a temporary magnet. A 
piece of hard steel when once magnetized remains a mag- 
net ; while soft iron loses nearly all its magnetism as soon 
as the magnetizing influence is removed. 

356. Magnetic Substance Defined. — A substance which 
can be made to acquire the properties of a magnet is 
called a magnetic substance. Those substances which a 
magnet will attract are few in number, steel, soft iron, 
nickel, and cobalt being the most common magnetic sub- 
stances. 

244 
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357. Properties of a Magnet. — Any bar magnet if freely 
suspended in a horizontal position will point very nearly 
north and south; at some places on the earth's surface 
exactly so. The end of the magnet which points north 
is the north (N) or positive ( + ) pole; the other end is the 
south (S) or negative ( — ) pole. It is this directive prop- 
erty of a suspended or pivoted magnet that gives the 
magnetic compass its value. 

If a magnet is placed in iron filings and raised, the 
quantity of filings clinging to the various parts of the 
magnet shows that the force of attraction is not exhibited 
uniformly along the magnet, but is strongest near each 
end, and diminishes rapidly toward the middle, where the 
attraction is zero. 

This is shown in Fig. 154, where the distance above 
or below the horizontal reference line representing the 
magnet indicates the force of 
attraction at various points along 

the magnet. The poles of a / 

magnet are the points where the y\ 

force of attraction is strongest, ^y^\ \ 

and are near but not at the ends j ,-^ , ■ . ^ ^ 1 

of the bar. i; * i \/^ 

'' \/ 

358. Lawof the Action of Mag- jj / 

net Poles. — If the N pole of a 1/ fig. 154. 

magnet is brought near the 

N pole of a freely suspended magnet, it repels that pole, 
but will attract the S pole. Similarly, the S pole of the 
first magnet will attract the N pole of the suspended mag- 
net and repel the S pole. From these facts is derived the 
law: Like poles of magnets repel each other; unlike poles 
attract. 



246 



PHYSICS 



""a 



359. Methods of Magnetizing. — Firsf Method. — If a 
piece of steel is rubbed several times from one end to the 
other, always in the same direction, with either the N or 

S pole of a magnet (Fig. 
155), it becomes a magnet 
M' with the end last touched 
of opposite polarity to the 
rubbing pole. The last 
fact results from the at- 
traction of unlike poles. 
This method is called mag- 
netization by contact. 
Second Method. — If a 




# 



>9<eef Bar 






Fig. 155. 



piece of iron or steel is placed near but not in contact with 
one pole of a magnet, it becomes a magnet, and that part 
of it which is nearest the pole of the magnet is of oppo- 
site polarity. This fact indicates why a magnet will 
attract a magnetic substance ; for the magnetic substance, 
when within the influence of a magnet, first becomes mag- 
netized with its dissimilar pole nearest the inducing pole, 
and then attraction results. This 
method is called magnetization by 
induction. 

Third Method. — If a coil of in- 
sulated wire is wrapped around a 
magnetic substance and an electric 
current is passed through the wire, 
the magnetic substance becomes mag- 
netized (Fig. 1 56). Such a magnet, 
when the core is of soft iron, so that it is magnetized only 
while the current is flowing around it, is called an electro- 
magnet. The kind of pole at each end is determined by 
the direction in which the electric current flows around it 




Fig. 156. 
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Theory of Magnetism. — If a magnet is broken in 
two, each half is a complete magnet with two poles, one at 
each end as shown in Fig. 157. 

If each half is again broken in two there will be four 
magnets, each with two poles, one at each end. This pro- 
cess may be continued indefi- j— -, 

nitely, and each piece broken 

from a magnet is found to be rp ji r^^^ ^ 

a magnet. 

Upon these facts is based [y-;^] |i^ ^| om \ n s \ 

the theory that each molecule ^ ^ 

-^ Fig. 157. 

of a magnetic substance is a 

complete magnet with an N and S pole. In the case of 
an unmagnetized body these molecular magnets by their 
mutual action form groups of closed magnetic circuits as 
shown in Fig. 158^?, so that no free magnetism is mani- 
- - -\»<--^\^"^ fested by the body as a 

whole. When, however, 
a magnet is brought 
^-^^' - :^ C - ^ — V '^\ ^-^—'//X, near this body, or is 
a rubbed over it, the mu- 

"JTH— "ZII.1I-Z ^^^^ action of these mo- 

ZZZ'S'SHZr^^SZ.'Z'Il'Z.'ZZ'I.-Z. lecular magnets is over- 
rjrjT-TJr-nz'Z'zrz. zizzz^Tzrz powered by the greater 

"-^.^ZIZZJZSZSZ.ZL force of the inducing 

Pjq g magnet and the mole- 

cules assume parallel di- 
rections (Fig. 158 6) with all like poles pointing in one 
direction, giving resultant N and S poles at the ends of the 
body which thus becomes a magnet. Additional evidence 
that magnetism is due to molecular arrangement is found 
in the fact that a magnetic substance if hammered or. 
violently jarred while under magnetizing influence becomes 
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a magnet more readily; also the fact that a magnet if 
heated to a red heat, in which condition its molecules have 
greater freedom of motion among themselves, becomes 
demagnetized, adds weight to the theory. 

.361. Lines of Magnetic Force. — Since attraction or re- 
pulsion exists between two magnet poles, this force must be 
exerted through the medium separating the poles. The 
direction and intensity of magnetic force in the medium 
about a magnet are represented by lines, the intensity of 
the force being represented by the number of lines pass- 
ing through I sq. cm. in a plane at right angles to the di- 
rection of the force. The space around a magnet traversed 
by these lines of force is called the magnetic field. It must 
be understood that although the lines are conventional, 
they represent real forces both as to direction and intensity. 

362. Law of Magnetic Force. — A long slender magnet 
acts as if all of its force* was exerted from the two points 
called the poles. From each of these poles lines of force ra- 
diate in every direction. At a distance of a cm. from either 
pole the area of a spherical shell is 4 irc?. The intensity 
of the magnetic force /j, or the number of lines per sq. 
cm., at any portion of this shell is the total force F di- 

vided by the area, ^ircl^^ or -. 

from the same pole the in- 
p 

is -:. Therefore A : /« = 

47r^ 






At a 


I distance 


of d 


cm 


tensity 


of the 


force 


A 


F 
4 7ra^ 


4-^'"- 


I 


I 
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which means that the intensity of the magnetic force in a 
magnetic field about either pole is inversely proportional 
to the square of the distance from that pole. This relation 
is another case of " the law of inverse squares." 

363. Direction of Lines of Force. — The direction of a line 
of force in any portion of the field of a magnet is the direction 
in which an N pole of another magnet would tend to move 
if placed in that part of the field. This direction may be 
determined by applying the law of magnet poles and the 
law of magnetic force. 

Suppose a small magnetic 
compass needle n (Fig. 159) 
is placed in the field of a bar 
magnet NS so that the dis- 
tance nN\^ one half?& great 
as the distance nS\ because 
of the less distance the repul- 
sion between the N poles is 
greater than the attraction 
between the S pole of the y\g. 159. 

magnet and the n pole of the 

compass needle in the inverse ratio of the squares of the di&tances nN 
and«5or 2^ ; i^ = 4 : i. 

Draw then from the n pole of the needle the line no in a direction 
away from the N pole of the bar magnet to represent its repulsion and 
the line np toward the S pole of the bar magnet to represent its 
attraction, making the line no four times as long as the line np. 

Since these two lines, no and np^ represent the two magnetic forces 
acting upon the « end of the needle, the needle must take the direction 
of* their resultant nr obtained by completing the parallelogram and 
drawing the diagonal through «. In the same way the direction in 
which the compass needle would point in any other portion of the 
field may be found, as n' or «". 

364. Various Magnetic Fields. — If iron filings are scat- 
tered over a sheet of paper laid upon a bar magnet, since 
each filing within the field of the bar magnet becomes a 




N ■ 
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magnet by induction, they will take the direction of the 
magnetic force which will be for each filing the direction 




Fig. i6a 

of the resultant of the forces of attraction and repulsion 
of the poles of the bar magnet for it as shown in the pre- 
ceding paragraph. 

Figure i6o shows the 
disposition of iron filings in 
the field of a bar magnet. 

Figures 161^? and b show 
the direction of the lines of 
force between two dissimi- 
lar poles of two magnets 
placed near each other. In 
Fig. 162 the parallelograms 
are drawn for three sepa- 
rate filings, a, b, and ^, and 
show why the filings are 
arranged as in Fig. 161. _ 
The filing a will take the - 
direction am ; the filing ^, 
the direction bk ; the filing 
c^ the direction ch, fig. 161 b. 




Fig. 161 tf. 
:--^'.v,'i!i.V-/ 
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Fig. 162. 



Figures 163 a and i show the magnetic field in the space 

between two parallel magnets with like poles adjacent, and 

in Fig. 164 are drawn >. 

parallelograms for three a\/^ 

separate filings, a, 6, and 

c, showing that a takes 

the direction a/, b the 

direction bgy and c the 

direction ch^ which is ac- - 

cording to the arrange- 
ment of the filings as 

indicated in Fig. 163. 
365. Magnetic Lines do 

not Intersect. — Since the direction of the magnetic force 

at any part of the field of a 
magnet is the direction of 
the resultant of the mag- 
netic forces of the two 
poles, and since there can 
be for each point but one 
resultant, no two lines of 
force can intersect, 

366. Lines of Magnetic 
Force are Curved. — Since 
the direction of the result- 
ant force at any point is 
determined by the inverse 
ratio of the squares of the 
distances of the poles from 
that point, and since at no 
two successive points can 
this ratio be the same, it 
follows that in passing 




Fig. 163 a. 



N rrr It-- a- 



A' 






Fig. 163*. 
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from each point in a line of force to the one next to it the 
direction of the resultant force changes; hence a line of 

magnetic force is, as a 
rule, a curved line. The 
only exception to this rule 
is when the two compo- 
nent forces are in the 
same straight line, for ex- 
ample, directly between 
the poles of a strong U 
magnet. 

367. Magnetic Permea- 
bility. — The permeabil- 
ity of a substance is its 
ability to transmit magnetic force. The permeability of 



N 




f 
Fig. 164. 






Fig. 165. 
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all non-magnetic substances such as air, wood, glass, cop- 
per, etc., is practically i ; the permeability of the highly 
magnetic substances iron and steel is many times as great, 
the value for some grades of iron being as high as 400. 

Figures 165 a and b show the difference in the field of 
a U magnet produced by interposing an iron cylinder in 
the space between the poles. Nearly all the lines of force 
instead of passing through the air space pass through the 
iron because of the less opposition it offers to the transmis- 
sion of the force. 

368. Terrestrial Magnetism. — i. At any point on the 
surface of the earth a magnet freely suspended in a hori- 
zontal position points approximately north and south, the 
exceptions being noted below. 

2. Whenever a body of hard iron or steel has been fixed 
for a long time in a vertical position it is found to be mag- 
netized. In the northern hemisphere its lower end will 
have become a -h pole, while in the southern hemisphere 
that end would have become a — pole. 

3. If a magnetic compass is carried along the Atlantic 
coast from the Equator northward, the needle points 
slightly east of north up to the coast of South Carolina, 
and thence it deviates slightly to the west, its deviation 
gradually increasing until at about lat. 70° N. it points due 
west. At still higher latitudes it points south of west. 
Again, if a magnetic compass is carried northward along 
the Pacific coast the needle points somewhat east of north, 
and this deviation increases until at lat. jd" N. it points due 
east. If a compass is carried along a somewhat broken 
line connecting Charleston, S.C., with the eastern end of 
Lake Superior, the needle continually points due north. 

4. If a magnetized needle suspended from its center of 
gravity is at the Magnetic Equator, it is horizontal, but 
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upon proceeding north the N end of the needle dips more 
and more until at a certain place in lat. 70° N. it becomes 
vertical. Upon moving southward from the Equator the 
S end of the needle dips. 

These four sets of phenomena indicate that the earth is 
a magnet with its — pole in the northern hemisphere, but 
not coincident with the geographic pole. The location of 
this magnetic pole is lat. 70° N., long, gff" W. 

The angle between the magnetic meridian (which is the 
direction of a magnetic needle) and the geographic meridian 

passing through 
any point on the 
earth's surface, or 
the variation of a 
compass needle at 
that point from 
true north, is 
called the angle of 
magnetic declina- 
//<?« for that point. 
This declination 
in New York at 
the present time 
is about 9** W. 

A line passing through all points where a compass points 
due north is called the agonic line. Places east of this line 
have a west declination; places west of the line have an 
east declination (Fig. 166). The declination at Portland, 
Me., is about 20° W ; at Portland, Ore., is about 20** E. 

The angle which a magnetized needle, pivoted at its cen- 
ter of gravity and free to swing in a vertical plane, makes 
with a horizontal plane through its point of support is 
called the angle of inclination or the angle of dip. This 
inclination zX New York is about 73^ 




Fig. 166. 



CHAPTER XVI 
STATIC BLBOTRIOITY • 

369. Electrification by Contact. — If a glass rod is rubbed 
with a piece of silk, both being dry, and the rod is then 
brought near bits of paper, straw, pith, etc., these light 
bodies are attracted, but soon after coming in contact with 
the rod are repelled. The glass rod is said to be electrified 
or to have a charge of electricity upon it. This property of 
being electrified by contact is common to all substances; 
but with some bodies, as metals, the electric charge devel- 
oped at the part of the body rubbed spreads all over it; 
while with others, such as glass, vulcanite, sealing wax, etc., 
the electric charge does not spread beyond the part where 
it is developed. Bodies of the first kind are electric con- 
ductors ; bodies of the second kind are nonconductors or 
uisulators. 

If a conductor is held in the hand while being rubbed, 
the electric charge spreads over the conductor and is carried 
through the hand and body to the earth over which it 
spreads, so that the -quantity of the charge remaining on 
the conductor is so small a fraction of the quantity developed 
that the conductor will exhibit none of the properties of a 
charged body. To electrify a conductor it must first be 
insulated from the earth by supporting it upon some non- 
conducting substance. 

370. Two Kinds of Electric Charge. — If a small pith 
ball, suspended by a silk thread, is approached by a glass 
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rod which has previously been electrified by being rubbed 
with a piece of silk, the pith ball will be attracted and after 
becoming electrified by contact with the glass rod will be 
repelled. If now, a rod of vulcanite which has been elec- 
trified by being rubbed with a piece of flannel is brought 
near the pith ball which the electrified glass rod repels, the 
pith ball wiir be attracted. It will, however, soon be re- 
pelled by the vulcanite rod when it will again be attracted 
by the glass rod if that is brought near. These facts indicate 
a difference in the electric charges on the glass and on the 
vulcanite. The glass is said to be positively charged, the 
vulcanite negatively. 

From the mutual action of the charges it is evident that 
like kinds of electric charges repel^ and unlike kinds attract 
each other. 

371. Electrostatic Series. — Any substance in the follow- 
ing electrostatic series is positively electrified when rubbed 
by any substance following it in the list, and negatively 
electrified when rubbed by any preceding substance. 

1. Catskin 6. Linen ii. Iron 

2. Flannel 7. Silk 12. Copper 

3. Feathers 8. The hand 13. Silver 

4. Glass 9. Wood 14. Sulphur 

5. Cotton 10. Shellac 15. Guttapercha 

372. Gold-leaf Electroscope. — An electroscope is an in- 
strument which shows the presence of an electric charge. 
A more sensitive electroscope than the pith-ball pendulum 
is made by suspending within a jar (Fig. 167) two strips of 
metal foil at the lower end of a metal rod which passes 
through the cover of the jar. The outer end of the metal 
rod terminates in a knob or disk. 

If the electrified glass rod is brought in contact momen- 
tarily with the knob of the electroscope, some of its positive 



STATIC ELECTRICITY 



257 




Fig. 167. 



charge passes down the metal rod and spreads over the two 
pieces of foil which then, by the repulsion of like electric 
charges, diverge widely. If the electrified glass rod is again 
brought nea7' the charged electroscope, 
the leaves diverge still more widely, 
owing to the repulsion by the electrified 
glass rod of the positive charge on the 
knob and rod sending it into the leaves, 
thus increasing their charge and con- 
sequently their divergence. 

If, however, an electrified piece of 
sealing wax or vulcanite is brought 
near the knob of the positively charged 
electroscope the leaves collapse, owing 
to the attraction between their charge 
and the negatively electrified sealing 
wax, resulting in the withdrawal of their charge to the 
knob. 

373. Electric Field. — Since electrically charged bodies 
attract or repel one another according to the kind of 
their charge, there must exist in the space between two 
electrified bodies 2i field of force ^ which is similar in direc- 
tion to that obtained with magnets under similar conditions. 

374. Electric Potential. — A body when raised from the 
earth acquires potential energy by virtue of the work done 
against gravity which resists the motion. Similarly, a 

O^. y, charged body acquires elecUic potential 
© energy when moved against the electric 
^' forces acting upon it. 

If a body A (Fig. 168) is positively 
charged, it requires an expenditure of energy to bring a 
body B^ also positively charged, toward A against the 



A B^ 

Fig. 168. 
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electric repulsion of A for it. A unit quantity of elec- 
tricity is that quantity which will repel a like quantity 
when it is i cm. distant, with the force of i dyne. If 
there is unit quantity of electricity on By the quantity of 
energy necessary to bring it from outside of the field of 
A to its present position ^ is its electric potential, 

375. Difference of Potential. — To move B to the position 
Xy still nearer A^ requires an additional expenditure of 
energy ; hence the potential at x is higher than at y^ and the 
difference of potential between x and y is equal to the 
work done in moving the unit quantity of electricity on B 
against the electric force of the field, from y to x. 

The difference of potential between any two points in an 
electric field is equal to the energy expended by or against 
the electric forces in moving unit quantity of electricity from 
the one point to the other. 

On account of the electric repulsion of A^ the electric 
charge on B tends to move from x toward y ; hence, if a 
potential difference (JP, D,) exists between two points, that 
point has the higher potential from which the positive 
electricity tends tp move, i,e, electricity moves from points 
of high potential to points of lower potential. 



CHAPTER XVII 

CURRENT BLBOTRIOITY 

376. Effects of Electric Current. — The presence of a 
moving charge of electricity in a conductor is manifested 
by certain energy changes, two of which take 
place within the conductor, while a third occurs 
outside of the conductor. 



I. Effects within the Conductor 

1. Heating Effect. — If a thin wire is properly 
connected in circuit with a generator such as that 
which supplies electric current for commercial 
purposes, this wire is observed to become hotter 
and hotter until, if the current is strong enough, 
it becomes incandescent, or may even melt. 

2. Electrolytic Effect, — If a current is made 
to pass through acidulated water contained in 
a suitable vessel, shown in Fig. 169, by inserting 
in the vessel the terminals of two wires connected 
with such a circuit, a gas appears at each of 
these terminals. These gases upon being tested 
prove to be hydrogen and oxygen, of which 
water is composed. Any liquid compound which 
acts as a conductor of electricity is called an 
electrolyte^ and the effect of an electric current 
in decomposing an electrolyte is called the 
electrolytic effect. The terminals of the wire placed in 
the electrolyte are called electrodes. 
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II. Effect outside of the Conductor 

Magnetic Effect, — If a section of the wire connected in 
such a circuit is placed in a north and south direction over 

and near a magnetic compass 
needle (Fig. 170), the N end of 
the needle is deflected east or 
west, of north ; if the wire is 
pjq placed under the needle, the 

deflection is in the opposite 
direction. This magnetic effect indicates that a magnetic 
field exists about a wire carrying a current. The lines of 
magnetic force, whose direction is indicated by the deflected 
needle, must be concentric circles about the wire as an axis, 
since opposite deflections are obtained on the two sides of 
the wire. 

• 

377. Simple Voltaic Cell. — The history of current elec- 
tricity dates from the discovery of Volta, an Italian, in the 
latter part of the eighteenth century, that when strips of 
two unlike metals, such as copper and zinc, are placed in 
dilute sulphuric acid and connected by a wire, a charge 
of electricity moves continually through the circuit thus 
formed. This combination of zinc and copper in sulphuric 
acid is called a simple voltaic cell. 

378. Chemical Action in a Simple Cell. -r- By chemical 
action is meant any action which results in the production 
of substances differing in composition from those with 
which the action begins. 

Copper and zinc are elements, i.e. the molecules of each 
of these substance^ are made up of like atoms. Sulphuric 
acid, however, is a compound of three substances : hydro- 
gen (H), sulphur (S), and oxygen (O), each molecule of 
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the acid containing two atoms of hydrogen, one of sulphur, 
and four of oxygen, as indicated by its formula, H2SO4. 

If a piece of ordinary commercial zinc is placed in 
dilute sulphuric acid there is chemical action between 
the zinc and the acid, resulting (i) in the production of 
hydrogen (H) gas, coming from the acid molecules, appear- 
ing as bubbles on the surface of the zinc and then rising 
through the liquid; (2) in the wasting away of the zinc, 
which, combining with the SO4 of the acid, forms a white 
salt called zinc sulphate, whose composition is indicated by 
its formula, ZnSO^, in which Zn stands for zinc. 

This white salt is soluble in the liquid present, but may 
be detected by evaporating some of the liquid to dryness, 
when the salt remains as a white solid. The wasting 
away of the zinc, if not otherwise apparent, may be shown 
by weighing it before and after the action has taken place. 

If a piece of copper is placed in sulphuric acid, there is 
no evidence of action either by the evolution of gas, change 
in weight, or solid remaining after evaporating the liquid. 

When the two strips are placed in the acid and brought 
in contact, or connected, action occurs, but the hydrogen 
gas appears on both strips. By weighing these strips 
before and after the action, it is found, however, that the 
zinc alone decreases in weight, and the same white solid, 
zinc sulphate, is obtained by evaporating some of the liquid. 

If the conditions are modified by amalgamating the piece 
of zinc, i.e. rubbing mercury over its surface thus forming 
a pasty alloy with the zinc, no action takes place either 
when the zinc is alone in the acid or when both zine and 
copper are in the acid but unconnected with each other. 
However, as soon as the circuit is ^^ closed'' by connecting 
the metal strips, chemical action begins, but the hydrogen 
gas now appears only at the surface of the copper. 
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379. Local Action. — Any action that takes place in a 
cell when the strips are not connected, and which is evi- 
denced by the appearance of gas on the zinc strip, is called 
local action. From the foregoing it appears that amalga- 
mating the zinc prevents this local action. 

If the amalgamated zinc strip and the copper strip are 
weighed after being connected for some time in the acid, 
it is found that the zinc alone has decreased in weight, 
showing that although hydrogen appears at the surface 
of the copper, the copper is not chemically acted upon by 
the acid. 

The fact that amalgamated zinc is acted upon by the 
acid only when connected with the copper strip, shows 
the importance of such a connection. 

After ordinary zinc has been acted upon by the acid for 
some time, it turns dark in color and black particles are 
seen in the bottom of the cell, which upon examination 
prove to be particles of carbon (or iron) that were not 
completely removed when the zinc ore was smelted in the 
process of the manufacture of the zinc. It was the con- 
tact of these dissimilar substances with the zinc in the 
presence of the acid that brought about the local action 
referred to above. Amalgamating the zinc covers up these 
impurities and the strip then acts like chemically pure zinc, 
which is not acted upon by the acid unless connected with 
some dissimilar substance. 

380. Electric Current from a Simple Cell. — If a section 
of the wire connecting the zinc and copper strips in a 
simple cell is given a north and south direction, and is 
then held near a magnetic compass needle, the needle 
is deflected, showing that an electric current is flowing 
through the wire which connects the strips in the acid. 



CURRENT ELECTRICITY 



263 



) 



z c 



Fig. 171. 
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If a current flowing north over a compass needle pro- 
duces a west deflection of the N end, a current flowing south 
under the needle will also produce a 
west deflection. Hence, by looping 
the wire many times around the needle 
in a north and south direction (Fig. 
171), the magnitude of the deflection 
is increased, because the magnetic 
force on both the upper and lower 
sides of the loop has the same direc- 
tion within the loop. 

A testing instrument called a voltmeter (Figs. \J2 a 
and ^) consists of a coil of many 
turns of fine insulated wire within 
which is pivoted a magnetic needle, 
so that when a current flows through 
the coil, the deflection of the needle 
causes a pointer attached to it to move 
over a graduated scale. If the copper 
and zinc strips of a simple cell are con- 
nected to the ends of the coil of a 
voltmeter, a deflection is produced. 
If, however, this connection is continued for several minutes, 
a considerable decrease in this 
deflection is noticeable, indicat- 
ing a weakening of the current 
flowing from the cell. 

From the definition of poten- 
tial difference it follows that the 
two strips, copper and zinc, in 
the sulphuric acid, are at dif- 
ferent electric potentials, since a 
charge of electricity is moved fig. 172^. 
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from one to the other ; and since the charge moves in the 
connecting wire from the copper to the zinc, the copper is 
at higher potential than the zinc. 

The potential difference (P. D.) between the Copper and 
the zinc, as measured (for a reason to be given later) by 
the magnitude of the deflection of the voltmeter needle, 
appears to decrease during the first few minutes after the 
circuit is closed. 

381. Source of the E. M. F. of a Cell. — If two metals are 
placed in an acid which acts upon one and not upon the 
other, or more upon one than upon the other, the metals 
are of different electric potentials and the more soluble 
metal is of the lower potential. By the continued chemical 
action between the zinc and the acid this potential differ- 
ence is maintained, and a current of electricity moves 
through the wire. 

Whenever in any circuit there is maintained a continual 
potential differenccy that circuit is said to contain an electro- 
motive force. 

382. Electric Circuit — An electric circuit is the series 
of conductors through which the current flows, including 
the conductors within the generator. In ihe case of the 
circuit of the cell, the current flows through the wire from 
the copper to the zinc, and then through the liquid from the 
zinc to the copper. That terminal of a cell from which the 
current flows into the connecting wire is called the positive 
terminal, and the other the negative terminal. In the 
simple cell the upper end of the copper is the positive 
(-f) terminal, and the upper end of the zinc is the nega- 
tive ( — ) terminal. 

383. Conduction of Current — Electric charges move in 
two different ways. In the case of solid conductors the 
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current passes- through them, the parts of the conductor 
themselves not moving ; but in the case of liquid conduct- 
ors (except elements, such as mercury) the electric charge 
is carried upon and with moving portions of the matter. 
A liquid compound which will conduct an electric current 
is an electrolyte. The aqueous solutions of the common 
acids, bases, and salts are the most important electrolytes. 
When an acid, base, or salt is dissolved in water, it be- 
comes to a certain extent dissociated^ i,e. some of the mgle- 
cules break up into what are called ions, each of which is 
an atom, or group of atoms, which is electrified. When 

sulphuric acid, H2SO4, is dissociated, there are formed two 

+ + — 

hydrogen (H, H) ions and one sulphuryl (SO4) ion, the 

hydrogen ions being positively charged, the sulphuryl ion 
negatively charged. 

All bodies under ordinary conditions have equal quanti- 
ties of positive and negative charges which neutralize one 
another, thus rendering them non-electrified. If, how- 
ever, some of the positive electricity is removed from a 
body, the negative charge then being in excess makes the 
body negatively electrified. When a metal plate dissolves 
in an acid, thd metal ions leaving the plate carry with them 
positive electric charges — which leaves the plate negatively 
charged. 

As the zinc plate begins to dissolve in sulphuric acid, 
+ + 
the positive zinc (Zn) ions leaving this plate attract the 

negative sulphuryl (SOJ ions of the dissociated acid and 

+ 
repel the positive hydrogen (H) ions toward the copper 

plate. The Zn ions and SO4 ions ultimately combine to 

form zinc sulphate (ZnS04), and the H ions give up their 
positive charge to the copper plate, rendering it positively 
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electrified, while they themselves 
ordinary hydrogen (Hg). 



become molecules of 




Fig. 173. 



In consequence of the positive 
charge on the copper plate and 
the negative charge on the zinc 
plate there is a flow of electricity 
through the wire from the cop- 
per to the zinc. Through the 
liquid the charge is carried from 
the zinc to the copper upon and 
with the hydrogen ions. 



384. Polarization of a Cell. — The explanation of the 
decrease in the potential difference of the copper and zinc 
strips of a simple cell after being connected for several min- 
utes is based upon the fact that if the copper strip is shaken 
while in the liquid the voltmeter reading at once increases ; 





Fig. 174. 



Fig. 175. 



also if the copper is removed from the cell and held for a 
few seconds in a Bunsen flame, and is then returned to the 
cell and connected as before, the voltmeter reading again 
has the maximum value. Thus it is evident that this de- 
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crease in the potential difference of the metal strips of the 
cell, which is called polarization of the cell, is due to the 
deposit on the copper plate of something that is re- 
movable in this manner. As has been shown, 
it is hydrogen that is deposited on the copper 
of a simple cell when the strips are connected. 
The remedy for polarization, therefore, is to 
surround the copper (or other insoluble element 
which may be used) in the cell with some sub- 
stance which combines readily with hydrogen, 
such as copper sulphate (CuSO^), nitric acid 
(HNOg), potassium bichromate (KgCrgOy), man- 
ganese dioxid (MnOg), etc. ^'''- '76- 
All of these compounds are rich in oxygen (as is seen 

by their formulae), 
which combines 
with the hydrogen 
thus forming water 
(HgO). These sub- 
stances when used 
to prevent polari- 
zation are called 
depolarizers. 
385. Explanation of Polarization. — The 
theoretical explanation of the polarization of a 
cell caused by hydrogen accumulating on the 
insoluble plate, is that a layer of gas on that 
plate constitutes a layer of nonconducting X£i2,\&' 

rial, and that the positively charged hydrogen 

+ 
(H) ions, thus being unable to give up their 

charge to the copper and then combine with 
each other to form neutral molecules of hydro- 
gen, remain near the plate and repel the like fig. 178. 




Fig. 177. 
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positive charges of the hydrogen (H ) ions moving toward 
the copper plate. This electric repulsion being in the 
opposite direction to the electromotive force of the cell 
lowers the potential difference of the terminals. 

386. Some Common Cells. — The following are the con- 
stituents of several well-known cells : — 



Name 


Elements 


Exciting 
Electrolyte 


Depolarizer 






Sulphuric acid 


Copper sulphate 


Daniell (Fig. 173) 


Zinc-copper 


(HsSOO 


(CUSO4) 






Zinc sulphate 


Copper sulphate 


Gravity (Fig. 174) 


Zinc-copper 


(ZnS04) 


(CUSO4) 






Ammonium chlorid 


Manganese dioxid 


Leclanche (Fig. 175) 


Zinc-carbon 


(NH4CI) 


(MnOa) 






Ammonium chlorid 


Manganese dioxid 


Dry (Fig. 176) 


Zinc-carbon 


(NH4CI) 


(MaQj) 






Sulphuric acid 


Nitric acid 


Bunsen (Fig. 177) 


Zinc-carbon 


(HjS04) 


(HNOs) 






Potassium hydroxid 


Oxygen in the 


Edison-Lalande (Fig. 178) 


Zn-copper oxid 


(KOH) 


copper oxid 



387. Electrical Units. — There are five electrical quanti- 
ties whose values must be accurately measured in order to 
obtain intelligible results with regard to the transforma- 
tions of energy that take place in an electric circuit. They 
are (i) electromotive force (E. M. F.), {2) potential difference 
(P. D.), (3) current strength (C), (4) electrical resistance 
(R.), (5) electric power {V,). 

I. Electromotive force is that which maintains continu- 
ally a difference of potential in an electric circuit. It arises 
in that portion of the circuit where there is a transforma- 
tion into electrical energy of some other form of energy, 
such as chemical affinity, mechanical energy, heat, etc. 
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There is no E. M. F. if there is no source of energy in a 
circuit. Electromotive force is measured by the total poten- 
tial difference in the circuit, i.e. the P. D. of the terminals 
of the generator plus the drop in potential wittiin the 
generator. 

2. Potential difference^ as previously defined, is that 
condition by virtue of which electricity tends to move from 
one point to another in the circuity and its value is the 
energy expended in moving a unit of positive electricity 
from the one point to the other against the E. M. F. of the 
circuit which maintains this potential difference. 

The relation between electromotive force and potential 
difference may be illustrated by the following analogy : — 

Suppose two tanks, A and B, containing water at differ- 
ent levels, are connected by a pipe CD^ as shown in Fig. 
179. If the water stands 
higher in A than in B^ the 
difference of pressure or head 
of water tends to move it 
from A to By and if the 
valve in the pipe is opened, 
the water flows until it is at 
the same level in both tanks. 
If now a pump P is con- 
nected to the tanks so that 
it pumps water from tank B 
into tank A, it will maintain a continual head of water in 
Ay i.e, the gravitation potential of the water in A will be 
continually higher than in B. 

The head of water is analogous to electric potential differ- 
enccy and the ability of the pumpy through the energy 
applied to it, to maintain this head is analogous to electro- 
motive force. 




Fig. 179. 
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The unit of electromotive force and of potential differ- 
ence, called a volt, is the \%^^ part of the E. M. F. of a 
standard Clark cell. The E. M. F. of a Clark cell is 
1.434 volts at 15° C. A Clark cell is a zinc-mercury 
cell, with the zinc in zinc sulphate and the mercury in 
mercury sulphate, all of the materials being chemically 
pure. 

Electromotive force and potential difference are both 
measured in the same units, since they are both deter- 
mined by the expenditure of energy per unit quantity of 
electricity. 

3. Ctarent strength is the quantity of electricity that 
passes a given point in the circuit per second. The unit 
of current strength, called an ampere, is that current which, 
if passed through a given solution of silver nitrate, will 
deposit silver at the kathode (negative plate) at the rate of 
.001118 gm. per sec. 

4. Electrical resistance is the opposition a substance 
offers to the passage of an electric current throtigh it 
The unit of resistance, called an ohm, is the resistance 
offered to an unvarying current by a column of mercury 
106.3 cm. long, I sq. mm. in cross section, at a temperature 
of 0° C. An ohm in practical use is represented by the 
resistance of a certain coil of wire whose resistance has 
been compared with that of such a mercury column. 
A piece of apparatus consisting of various coils of wire, 
whose resistances are multiples or submultiples of an ohm, 
is called a rheostat, 

5. Electric power is the energy expended per second by 
the electric current. The unit of power, called a watt, is 
the energy expended by a i-ampere current in that portion 
of a circuit the terminals of which have a potential differ- 
ence of I volt. Since E. M. F. (^) equals the expenditure 
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of energy per unit quantity of electricity, and C equals the 
quantity of electricity moving in the circuit per second, 
their product, or EC, is the total expenditure of energy 
per second m the circuit, or the power jP, i,e, P = EC, To 
determine the energy expended per second in any portion 
of a circuit, it is only necessary to multiply the P. D. of 
that portion of the circuit by the current flowing through 
it, the product of volts and amperes being watts. A kilo- 
watt (kw.) is i(X)0 watts. 

If in a portion of an electric circuit energy is expended 
at the rate of a kilowatt for the period of one hour, the 
total energy expended is a kilowatt-hour. Electric power 
is furnished to consumers at from 5 cents to 1 5 cents per 
kilowatt-hour. 

For example, if the P.D. of an incandescent lamp is no volts and 
J ampere flows through the lamp, it expends energy at the rate of 
no X J= 55 watts = .055 kilowatt. At 15 cents per kilowatt-hour 
it would cost .055 X 15 = .825 cent to use the lamp for one hour. 
Again, if the P.D. at the terminals of a street-car motor is 500 volts 
and 20 amperes flow through it, the rate of expenditure of energy is 
500 X 20 = 10,000 watts = 10 K. W. At 5 cents per kilowatt-hour it 
would cost 5 X 10 = 50 cents to run the motor for one hour. 

388. Essential Conditions for the Production of an Electro- 
motive Force in a Cell. — By experiment it may be proved 
that the essential conditions for the production of an 
E. M. F. in a cell are: (i) the plates, or elements, must 
be of different substances; (2) they must be electrical con- 
ductors ; (3) they must be placed in an electrolyte which 
acts more upon one than upon the other. However, it is 
found that if in various cases these conditions are fulfilled 
the magnitude of the E. M. F. is different for each different 
combination of elements. If the five elements, zinc, lead, 
iron, copper and carbon, are chosen and the ten possible 
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combinations of these in pairs are taken with sulphuric acid 
as the electrolyte, the potential difference of the first and 
last of the elements in this series, or zinc and carbon, is the 
greatest, and the potential differences of a combination of 
a pair of these substances decrease the nearer they are to 
one another in the series. 

389. Current Strength in a Circuit. — The current strength 
in a circuit may be determined by introducing into the cir- 
cuit an instrument called an amperemeter (or ammeter), 
which is constructed similar to a voltmeter except that the 
coil of wire used is of such size as to offer extremely little 
resistance to the current. If- ammeters are inserted in two 
different electric circuits identical in every other respect 
except that the generator in one has a higher E. M. F. than 
in the other, the current strength in the circuit of higher 
electromotive force is proportionally greater. Also, if in 
any given circuit various resistances are introduced, pro- 
vided the E. M. F. of the circuit remains unchanged, the 
current strength varies inversely as the total resistance in 
the circuit. These two relations are expressed in the form 
of a law, known as Ohm*s Law : — 

The current strength in any circuit varies directly as 
the electromotive force and inversely as the total resist- 
ance. 

If C equals the current strength in amperes, E equals 
the E. M. F. in volts, R equals the resistance in the circuit 
external to the generator, and r equals the interttal resist- 
ance of the generator, then — 

R^ r 

For example, if the E. M. F. {E) of a generator is lo 
volts, the external resistance (/?) is 4 ohms, and the internal 
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resistance (r) of the generator is i ohm, then the current 
strength (C) in the circuit is 

^ 10 

C = — — = 2 amperes. 

390. Ohm's Law apjplied to a Portion of a Circuit. ^- The. 
relation between volts, amperes, and ohms, as expressed by 

the equation, C = --, where E is the electromotive force 

/v 

and R is the resistance of the entire circuit, holds good 
also for any portion of a circuit and may be expressed : 

C = ^ , where PI^i is the potential difference in volts 

between the terminals 0/ the given portion of the circuit, 
R^ is the resistance in ohms of that 






portion, and C is the current strength 
in amperes. 

In any single circuit the current* 
strength has the same value through- 
out the circuit. Consequently in the circuit, cmnozc (Fig. 
180), the current strength in the portion mn of the 
circuit, or C„>„, equals the current strength Cn^m the 

PD PD 

portion no of the circuit, and C^^ = —-^-2*, and C„o = ~^~^5 

PD PD "" "^ 

therefore, ^-f^ = i^, and PD^^ : PD^ = R^, : R^, or 

the potential difference between any two points in an electric 
circuit is directly proportional to the resistance between those 
two points. This actually is the form in which G. S. Ohm, 
the German scientist, expressed his law. 

391. Illustration. — To illustrate this relation which is the most im- 
portant and universal relation in electricity, suppose that in the given 
circuit, cmnozc (Fig. 180), the E. M. F. is 2 volts, the resistance (r) of 
the generator is i ohm, the resistance between c and m is i ohm, 
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between m and « is 2 ohm^, between n and ^ is 3 ohms, between and 
ar is 3 ohms. The total resistance is 1 + 1 + 2 + 3 + 3 = 10 ohms. The 

current strength is C = — = .2 ampere. 

The potential difference between c and m, PD^^ divided by the resist- 
ance between c and w, i ohm, equals the current strength, .2 ampere, 

• PD 

i^ = .2, /^Z;. = .2 volt. 
I 

If the ends of a voltmeter coil are connected to the points c and w, 
the voltmeter reading will be .2 volt. 

Similarly, the potential difference between m and «, PD^ divided by 

the resistance between m and «, 2 ohms, equals the current strength, 

PD 

2 = .2 ampere, from which PD^ = .4 volt, i.e. if the ends of a voltmeter 

2 

coil were connected to m and n, the reading would be .4 volt. 

Finally, since the resistance of the external circuit, cmnozy equals 

9 ohms, if the voltmeter was connected to the points c and z, the reading 

Pd^ would be 1.8 volts, since — ^= .2 ampere. 

It is important to note that since the E. M. F. is 2 volts 
and the potential difference of the terminals of the gen- 
erator is 1.8 volts, there is a drop in potential within the 
generator of .2 volt which equals the current strength, 
.2 ampere, times the generator resistance, i ohm. 

This fall of potential in a circuit may be graphically rep- 
resented as in Fig. 181, where the circuit zcntnoz is plotted 




along the horizontal line 00, the electric potential of any 
point being represented by the vertical distance of the 
sloping line above 00 at thaf point. 
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The electromotive force, 2 volts, is measured by the 
maximum potential at z^ and is located at the zinc because 
the chemical energy is there transformed into electrical 
energy. There is a drop in potential of .2 volt within the 
cell represented by the difference in the ordinates at z and 
c. The potential difference of the terminals of the cell, 
1.8 volts, is equal to the sum of the potential differences of 
the various external portions of the circuit. 

392. Voltmeter and Ammeter Contrasted. — It may now be 

shown why it is that if the external conductor cmnoz is dis- 
connected from the generator cz^ and the terminals of the 
generator are connected directly to a voltmeter coil whose 
resistance is, say, 999 ohms, the reading of the voltmeter 
would be practically equal to the E. M. F. of the circuit, 
2 volts. 

For the whole resistance now is 999 + i = 1000 ohms. The current 
strength C = j^^ = .002 ampere. The reading of the voltmeter, PD^^ 

PD 
divided by its resistance 999 ohms or \ =: .002. 

999 
PD^ = 999 X .002 = 1 .998 volts. 
The drop in potential within the generator, PD^, divided by its re- 
sistance I ohm, equals the current strength, .002 ampere. 

PD 

= .002, from which PD = .002 volt. 

• I 

Since the resistance of the voltmeter is many hundred timd^s as large 
as the resistance of the generator, the fell of potential in the voltmeter 
(1.998 volts) represents in this case to within ^\ of one per cent the 
E. M. F. of the generator. 

If the resistance of the voltmeter coil had been some small resistance, 

as I ohm instead of 999 ohms, the fall of potential in the voltmeter 

would no longer represent the E. M. F. of the generator. For in this 

case the total resistance would be 1 + 1 = 2 ohms. The current 

C = I = I ampere. The potential difference of the voltmeter terminals 

PD 
PDi divided by its resistance i ohm or ^ = i ampere. Therefore 
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PD = I volt, which is but one half of the E. M. F. of the circuit. Hence 
the measurement of the needle of an ammeter which has a small resist- 
ance cannot be taken as a measure of E. M. F. or of P. D. 

393. Magnetic Effect of Electric Current. — As was previ- 
ously stated, if a magnetic compass is held near a wire 
traversed by an electric current, the needle is, as a rule, 
deflected, and the deflection, when the needle is above the 
wire, is in the opposite direction from that when the needle 
is below the wire. The direction of the deflection of the 
N end indicates the direction of the magnetic force acting 
on it; hence it is inferred that the lines of force of the 
magnetic field produced by the current take the direction 
of concentric circles in a plane perpendicular to the wire, 
which is their center. 

Let the central portion in Fig. 182^ represent a cross 
section of a wire perpendicular to the plane of the paper 

with the current flowing 
down toward the paper ; 
experiment shows that 
the lines of force have 
the direction indicated 
by the arrows in the 
concentric circles. As 
is apparent, this force 
has a clockwise direction, or the direction in which a right- 
handed screw must be rotated to move it down in the 
direction the current flows. 

In Fig. 182^ the current is represented as flowing up 
through the plane of the paper, in which case the direction 
of the magnetic force is counter-clockwise, as indicated in 
the concentric circles. This direction is also the same as 
that in which a right-handed screw must be rotated in order 
to move it in the direction of the current. 





Fig. 182. 
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The relation between the direction of magnetic force and 
direction of current may also be expressed in the form of a 
right-hand rule : — 

If the condtictor is grasped in the right hand (Fig, 183), 
with the thumb extended in the direction of the current^ the 
\ direction of the lines of mag- 

netic force is around the con- 
ductor in the direction of the 
fingers. 

If a current flows north 
over a compass needle, the 
deflection of the N end is 
^^°- '^3- toward the west ; if the cur- 

rent flows soitth under the needle, the deflection is also 
toward the west ; consequently, if the wire is bent in the 
form of a vertical loop (Fig. 184) around the needle, the 
direction of the lines of force within the loop produced by 
the current in the upper side m is the same as that of those 
produced by the current in the under side n of the loop, and 
the deflection is thereby increased. If instead of using a 
loop of one turn the needle is placed within a coil of many 
turns, the lines of force within the •» 




1 



coil are increased an equal number [ ? ik 

for each turn of the. coil ; hence the ^ ;j 

deflection increases with an increase 
in the number of turns in the coil. 

If an insulated wire is wound about a soft iron rod as a 
core, and an electric current flows through the wire, the iron 
rod acts like a magnet the intensity of which depends upon 
the strength of the current and the number of turns of the 
coil. The coil itself without the iron core will also act as a 
magnet when a current is flowing through it ; for the lines 
of force running lengthwise within the coil, upon emerging 
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from one end, move around through the outside space, 
reentering at the other end of the coil, just as in a magnet 
the lines of force within the magnet move from the S toward 
the N end, and upon emerging from this end they circulate 
through the surrounding space, reentering near or at the 
S pole. The effect of the iron core is to increase the 
number of lines of force for a given magnetizing force by 
increasing the magnetic permeability within the coil. The 
right-hand rule previously stated and slightly modified to fit 
the present case shows how to find the position of the N 
end of the electromagnet, provided the current direction is 
known : — 

If the electromagnet coil is grasped in the right hand so 
that the current flows toward the finger ends, the extended 
thumb points toward the N pole (Fig. 185). 

If the core of ah electromagnet is soft iron of good qual- 
ity, it will be found upon opening the current, or decreas- 
ing the strength of current 
in the coil, that the inten- 
sity of the magnetic force 
decreases almost to zero, 
or decreases with the de- 
crease in current. It is 
because such an electro- 
magnet is so completely 
under control that it is 
used in a great majority of the practical applications of 
electricity, — such as electric motors, telegraph, telephone, 
bells, annunciators, arc lamp, etc. 

394. Heating Effect of Electric Current. — In every por- 
tion of an electric circuit a part or all of the electrical energy 
therein expended is transformed into heat, causing a raise 




Fig. 185. 
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in temperature of the conductor and the contiguous me- 
dium. If in any portion of a circuit there is also a trans- 
formation of electrical energy into chemical energy, as in 
the process of electrolysis, or into mechanical energy, as 
in an electric motor, then only a part of the total elec- 
trical energy therein expended is converted into heat ; in 
any other portion of the circuit all of the expended electri- 
cal energy is so converted. 

If V represents the potential difference in volts between 
the ends of any given portion of a circuit and C the 
current strength in amperes, the total electrical power 

of that portion of the circuit is VC watts. Since C=—, 

or F= CR, the total power may be expressed as CR x C 

=^C^R watts. The quantity of heat produced increases, 

therefore, with an increasp in the current strength, being 

directly proportional to the square of the current ; and also 

with an increase in the resistance of the conductor, being 

directly proportional to that resistance. In that part of an 

electric circuit where there is the greatest resistance (the 

current being the same), there will be the greatest quantity 

of heat produced. The unit of heat, called a calorie, is the 

quantity of heat necessary to raise the temperature of i gm. 

of water i**C. As stated previously in the discussion of 

mechanical energy, a watt equals the expenditure of energy 

at the rate of i joule per sec. The relation between the unit 

of heat and the unit of energy is expressed by the equation, 

I calorie = 4.2 joules. The product C^R is expressed in 

watts or in joules per second ; to convert this into calories, 

divide by 4.2. Therefore the quantity of heat, Hy obtained 

per second from a given quantity, C^Ry of electrical energy 

C^R 
is expressed by the equation, H= = C^R x .24 calo- 
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ries. The total quantity of heat produced in a given time, 
/ seconds, by passing a current of C amperes through a 
conductor whose resistance is R ohms, equals C^Rt x .24 
calories. 

The heating effect of the electric current is usefully 
applied in electric lamps, electric heaters, electric welding, 
and in the use of fuse wire for protecting a given portion 
of a circuit from excessive current. 

395. Electrolytic Effect of a Current — An electrolyte is a 
compound which when changed to the liquid state, either 
by being dissolved or by being fused, becomes more or less 
dissociated, i,e, some of its molecules separate into parts, 
each of which carries an electric charge. These charged 
parts of molecules are called ionSy and consist either of a 
single atom or of a group of atoms. Ions consisting of 
hydrogen or of any metal are dXvidiys positively charged; all 
other ions are tiegatively charged. 

The ability of a liquid compound to conduct a current of 
electricity is due to dissociation, and the extent of dissocia- 
tion may be measured by the conduc- 



q 
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tivity of the liquid. 

In the process of electrolysis, i.e, the 
chemical decomposition of a compound 
by means of the electric current, the 
terminals X and Y (Fig. 186), called 
the electrodes, are placed in the electro- 
lyte in order to introduce it in circuit 
with the generator G. The electrode 
X through which the current enters 
the electrolyte is the positive ( + ) electrode, or anode ; the 
electrode Y through which the current leaves the electro- 
lyte is the negative ( — ) electrode, or kathode. The ions of 



Fig. 186. 



CURRENT ELECTRICITY 28 1 

the electrolyte which carry positive electric charges move 
toward the kathode, while the negatively charged ions move 
toward the anode, where they give up their charges and are 
generally set free, becoming ordinary .molecules of that 
substance of which the ions consist. Hence by the elec- 
trolysis of any compound containing a metal, that metal is 
liberated at the kathode. 

This effect is usefully applied in the processes of elec- 
trotyping and electroplating, and in the production on a 
commercial scale of many metals, such as aluminum and 
sodium. 

Michael Faraday, a noted English scientist, who first 
made a thorough study of electrolysis,' expressed his 
results in the form of two laws: — 

1. The mass of any substance liberated at the electrodes 
is proportional to the quantity of electricity that passes 
through the electrolyte, 

2. For the same current y the mass of any substance 
liberated at the electrodes is proportional to its chemical 
equivalent. 

The chemical equivalents of a few common elements is 
given in the following table : — 

EUmeni EquwcUewt 

Copper 31.8- 

Hydrogen i 

Silver '. . 107.94 

Zinc 32.7 

From the definition of an ampere it is known that i ampere current 
will deposit at the kathode per second .001118 gm. of silver. The 
quantity of any other substance than silver, such as zinc, whose equiva- 
lent is 32.7, which will be deposited per second by a current of 
I ampere, is found by the proportion, equivalent of silver, 107.94, is to 
equivalent of zinc, 32.7, as the quantity of silver deposited per second 
by I ampere, .001118 gm., is to the quantity of zinc so deposited, i.e. 
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107.94: 32.7 = .001118 gm. :xgm,y 
107.94^= .0365586, 

x= .000339 gm. of zinc, 

deposited per second by i ampere current. Similarly, it may be found 
that .000329 gm. of copper is deposited at the kathode per second by a 
current of i ampere. 

This quantitative relation . is usefully applied . in the 
chemical electric meters, by means of which the quantity 
of electricity supplied to a consumer is determined from 
if « ~ the increase in 

weight of the kath- 
ode of an electro- 
lytic cell placed in 
the circuit. This 
quantity of electric- 
ity multiplied by 
the constant voltage 
maintained gives the 
energy expended. 

395 a. Storage 
Cells. — Another im- 
portant application 
of the electrolytic 
effect is in the man- 
ufacture of storage 
ce//s{Fig. 1 87), some- 
times called accumu- 
lators. 

If two grids made of lead (Pb) and filled with litharge 
(PbO) are placed in dilute sulphuric acid (HgSO^) and a 
current of several amperes is passed for a number of hours 
through this cell, the hydrogen evolved at the kathode 








Fig. 187. 
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reduces the litharge there to metallic lead (Pb), while the 
oxygen liberated at the anode oxidizes the litharge there 
to lead peroxide (PbOj). The two grids, alike at the start, 
thus become essentially different, and this difference is 
manifested as a difference of electric potential. The 
potential difference of the terminals of a storage cell when 
thus charged is usually about 2 volts. 

When this "charged" cell is used to send a current 
through a given circuit, the current flows outside of the 
cell from the PbOj grid to the Pb grid and back through 
the liquid in the cell from the Pb grid to the PbOg grid. 
Hydrogen will then be formed at the PbOg grid, just as 
it is at the copper plate in a simple cell, which gradually 
reduces the lead peroxide to its original condition, litharge, 
while the oxygen liberated at the Pb grid oxidizes it to the 
original condition. The cell is then completely discharged, 
and to obtain a current from it again it must be recharged 
as before. 

While the cell is being charged, the current enters at the 
plate, which is. changed from PbO to PbOj. When the cell 
is being discharged, its current leaves at the PbOg plate ; 
therefore it follows that the potential difference estab- 
lished in charging a storage cell is in the opposite direction 
to the E. M. F. of the charging current, and thus consti- 
tutes a counter E. M. F. Since, as stated above, this 
counter E. M. F. equals about 2 volts per cell, the gener- 
ator used to charge such a cell must have an E. M. F. higher 
than 2 volts to drive the current through the cell against 
this opposition. 

396. Arrangement of Cells to form a Battery. — From 
E 
Ohm's law, C=^— — , it follows that to increase the 
K -T r 

current through a given external resistance R^ it is neces- 
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Fig. i88. 



sary to increase the voltage B, or to decrease the internal ' 
resistance r, or to do both. To produce these results cells 

may be connected to form a . 
I — ^ battery in three different arrange- 
' ments: (i) all /« series; (2) all 

in parallel ; (3) in a number of 
rows, the cells in each row being in series, but the rows 
connected in parallel. 

Figure 188 shows 6 cells connected all in series; A 
and B are the terminals of the ±-. — . — . — . — | — . 

Figure 189 shows 6 cells con- |l I | H H H 

nected all in parallel ; A and B ' — ' — ' — L— I — I — = 

are the terminals. ^^°- ^^• 

Figure 190 shows 6 cells connected in 2 rows of 3 cells 
each ; A and B are the terminals. 

Figure 191 shows 6 cells connected 
m 3 rows, 2 in a. row; A and B are 
the terminals. 






Fig. 190. 



397. Electromotive Force of a Battery. 
— Figure 192 shows two cells connected 
in series. The potential difference between points A and 
B is the E. M. F. of one cell. . The potential 
difference between points B and C is likewise 
the E. M. F. of one cell. Therefore the 
potential difference between A and C is the 
sum of the potential differences between A 
and B and between B and C, or equal to twice 
the E. M. F. of one cell. If, then, s cells of 
e volts each are connected in series, the 



« 



M^ 



E. M. F. of the battery is se volts. 

Figure 193 shows two cells connected in parallel. 



Fig. 191. 



The 
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potential difference between B and C is the E. M. F. of one 
cell. The potential difference between points D and E is 
likewise the E. M. F. of one cell. But 1 1 

B and D are connected to the same ^. — |-?-l I ^ 

point A ; hence A^ B^ and D are of the 1 I 

same potential. Likewise C, E, and ^^°' '^^' 

F are of the same potential. Therefore the potential 
difference between points A and F, which are the terminals 
of the battery, is only equal to that of one cell. Hence 
the E. M. F. of a battery of / cells of e volts each, all con- 
nected in parallel, equals e volts, the E. M. F. of one cell. 

If n cells are arranged in / rows with s cells in each row, 
n^sp. The cells in each row being connected in series, 
the E. M. F. of one row equals se volts. Since, by connect- 
ing in parallel the voltage is not increased, 
■+ the E. M. F. of / such rows connected in 
parallel continues to be se volts, or the 
E. M. F. of the battery of n cells so 
-£ arranged equals the E. M. F. of one row. 
Fig. 193. se volts. 

398. Internal Resistance of a Battery of Cells. — When 
cells are connected in series, since the entire current passes 
through each cell the resistance of s such cells of r ohms 
each is the sum of the resistances, or sr ohms. 

If V represents the drop in potential in each cell of a 
battery connected in parallel, the current through each cell 

V 

is - amperes. The total current through/ cells connected 
in parallel is ^— = - amperes. Therefore the total resist- 

ance of a battery of / cells in parallel is the resistance of 
one cell divided by the number of cells, or - ohms. 
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When n cells are connected in / rows of s cells each, the 
resistance of each row, since the cells are in series, equals 
sr ohms. Then the resistance of / such rows connected 

ST" 

in parallel equals — ohms. 

399. Current Strength of a Battery. — From this it follows 
that by connecting cells in series the voltage is increased 
as many times as there are cells so connected, and that the 
internal resistance is likewise increased in the same ratio. 
Consequently if the value of R, the external resistance, is 
a small quantity, there is no advantage in connecting cells 

se se e 

in series. For -75— approaches the value of — = - 

R '\- sr ^^ ^ sr r 

as R approaches the value of zero. But - equals the cur- 
rent strength from one cell if R equals zero, hence, in such 
a case, the current from a battery of cells in series is no 
greater than would be obtained from one cell. 

If, however, the value of the external resistance is large, 

the value of the denominator of the fraction, --^ — , is not 

R '\- sr 

increased s times by adding sr to R for s cells, but the 
voltage or numerator is thus increased s times. There- 
fore the current from cells in series is greater than from 
one cell when there is large external resistance, and very 
nearly proportionally greater if the value of r is relatively 
small. 

By connecting cells in parallel, although there is no in- 
crease in voltage over that of one cell, there is a decrease in 
the resistance of the battery, which renders it advantageous 
to connect cells in parallel if the external resistance is com- 
paratively small. For approaches the value of - = ^ 

i? + - ^ '' 

/ P 
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as R approaches the value of zero, and ^— v& p times -, 

which is the current obtainable from one cell when R 
equals zero. 

If, however, the external resistance is large, the current 
from cells in parallel is not much stronger than would be 
obtained from one cell, because decreasing the internal 
resistance from a value of, say, \ ohm to ^ ohm will not 
greatly change the relative value of the denominator, 
/? + r, if ^ is a large resistance. 

From the foregoing the following equations are ob- 
tained : — 

sE 

1. For s cells connected in series, C = „ . ,. - (i) 

E 

2. For p cells connected in parallel, C = ■ 



3. For n cells arranged in p rows with s cells in each 

sE 
row, C = , where n = sp. (3). 

It can be proved by an algebraic solution of equation (3) 
that the conditions under which the value of C is a maxi- 
mum is when the cells are so arranged that the internal 

resistance, — , of the entire battery most nearly equals the 

external resistance, R. 

PROBLEMS 

• I. The P. D. of the terminals of an arc lamp is 50 volts, the current 
flowing in the lamp is 10 amp. (a) How many watts are expended in 
the lamp ? (d) Since i watt = i joule per sec, how many joules of energy 
are expended in the lamp in i hr. ? Ans. (a) 500 watts, (p) 1,800,000 
joules. 

2. How many joules of energy does a kilowatt-hour represent ? 

Ans, 3,600,000 joules. 
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3. The P. D. of the terminals of an incandescent lamp is 115 volts, 
and .45 amp. flows through the lamp ; what is the resistance of the hot 
filament of the lamp ? Ans. 255.5 ohms. 

4. If 10 amp. flow through a motor whose resistance is ij ohms, 
what is the P. D. of its terminals ? Ans, 15 volts. 

5. The E. M. F. of a generator is 115 volts, and its internal resist- 
ance is 1 .8 ohms ; the terminals of the generator are connected by 

3 resistances, A, By C, in series thus : o A- -o- -B- - -o C -o. 

The resistance ^ is 5 ohms, ^ is 8 ohms, C is 10 ohms. Between A 
and B and between B and C is introduced an ammeter whose resistance 
is .1 ohm each. 

(a) What will the ammeter between A and B read ? 
(d) What will the ammeter between B and C read? 

(c) If a voltmeter were connected at the terminals of resistance A, 
what would be its reading? 

(d) What is the P. D. of the terminals of resistance B ? 

(e) What is the P. D. of the terminals of resistance C ? 

(/) If the voltmeter were connected across the terminals of the 
generator, what would it read? 

(g) If the voltmeter resistance is 1000 ohms, and while it is con- 
nected across the generator terminals the connection between resistance 
B and C is broken, what will the voltmeter read? 



f(«) 



(a) 4.6 amp. (d) 36.8 volts. (/) 106.72 volts. 
Ans. \ (6) 4.6 amp. (e) 46 volts. ' (g) 1 14.8 volts. 
23 volts. 



6. (a) What is the £. M. F. of 4 cells connected in series, if the 
E. M. F. of each cell is 1.4 volts? (d) E.M. F. of 4 cells in parallel? 
Ans, (a) 5.6 volts, (d) 1.4 volts. 

7. (a) What is the battery resistance of 4 cells connected in series 
if the internal resistance of each cell is .3 ohm? (d) Battery resistance 
of 4 cells in parallel? Ans. (a) 1.2 ohms. (^) .075 ohm. 

8. (a) If the terminals of the battery of the 4 cells in (6a) and (7 a) 
were connected by a wire whose resistance is 12.8 ohms, what current 
would flow through this wire? (d) If the external resistance were 
.128 ohm, what current would flow through it? Ans. (a) .4 amp. 
(d) 4.22 amp. 

9. (a) If the terminals of the battery of 4 cells in (6^) and (yd) 
were connected by a wire whose resistance is 12.8 ohms, what current 
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would flow through this wire? (d) If the external resistance were .128 
ohm, what current would flow through it? Ans, (a) .108 amp. 
(d) 6.9 amp. 

10. What is the greatest number of amperes to be obtained from 20 
gravity cells, the E. M. F. of each being .9 volt and internal resistance 
3 ohms, with an external resistance of 500 ohms? Ans. .032 amp. 

11. (a) Find the current strength from 4 cells in series, each cell 
having an E.M. F. of 1.5 volts and an internal resistance of 2 ohms 
with an external resistance of 10 ohms. (6) If the cells are in paraUel, 
what is the current? Ans, (a) J amp. (d) ^ amp. 

12. What is the greatest current obtainable from 6 cells with an ex- 
ternal resistance of i ohm, if the E. M. F. of each cell is 2 volts and 
internal resistance .3 ohm? Ans. 6.32 amp. 

13. A current of 2 amp. is passed for 15 min. through a coil of wire 
whose resistance is 7 ohms, placed in 150 gm. of water whose tempera- 
ture is 10° C, what will its temperature be at the end of 15 min., assum- 
ing that no heat is lost by radiation ? Ans. 50.3° C. 

14. An incandescent lamp whose resistance is 250 ohms, and in 
which flows a current of .45 amp., is submerged for 10 min. in 200 gm. 
of water whose initial temperature is 18"* C, what is the resulting tem- 
perature? Ans. 54.4"* C. 

15. Since i amp. current deposits silver on the kathode in silver 
nitrate solution at the rate of .001118 gm. per sec, what mass of silver 
will be deposited in i hour by a current of | amp? Ans. 1.006 gm. 

16. The chemical equivalent of copper is 31.8. Define the value of 
I amp. in terms of the mass of copper deposited per sec. by that current 
on a kathode in copper sulphate solution. Ans. .000329 gm. 



CHAPTER XVIII 



BLBOTRIOAL INSTRUMENTS AND MEASURE- 
MENTS 

400. Measurement of Current Strength. — In order to 
determine the current strength in a circuit, any one of the 
three effects, heating, electrolytic, or magnetic, may be used, 
since the magnitude of each effect can be measured, and 
from this value the current strength estimated, according 

to the formulae which have been 

given. 

401. Galvanometers. — A galvanome- 
ter is an instrument wliich is used to 
measure current strength by the mag- 
netic effect produced by it. Galvanom- 
FiG. 194a. eters are of various types: — 

402. Tangent Galvanometer. — A tangent galvanometer 
(Fig. 194 a and *) consists of a ver- 
tical circular coil of insulated wire 
placed in the plane of the magnetic 
meridian, in the center of which coil 
is supported a short magnetic needle, 
free to move on a horizontal plane. 
While a current is passing through 
the coil, the forces acting upon the 
needle are (i) the magnetic force 
iV(C(Fig. 195) of the current whose 
direction \& perpendicular Xo the plane 
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of the coil, and (2) the earth's magnetic force NH whose 

direction \^ parallel to 

the plane of the coil, , >^ 

since it is placed in the 

magnetic meridian. 

The position taken by 

the deflected needle is 

in the direction of the 

resultant of these two 

forces, or the diagonal 

,,^ - , ,, , FiG. 195. 

ND of the parallelo- 
gram NHDC, constructed upon tlie forces NH and NC as 
adjacent sides. 

If from any point in one side of any angle a (Fig. 196) a perpen- 
dicular is dropped upon the other side, the ratio of the side thus formed 
A^ opposite the angle to the adjacent side 
is called the tangent of that angle. 

AB _ A'B' ^ A"B" 
B'O 





tan. a = -— - = ' 



BO 



B"0 



i,e, the tangent is a constant ratio for 
the same angle. 

In the preceding diagram the angle 



^ i?' 

Fig. 196. 

XON is the angle of deflection, S (pronounced delta), and equals the 

angle HND, 



Hence, by definition, tan S = — -. 



At the same place on the earth, the value of NH, the 
earth's magnetic force, remains con- 
stant. If the line NC (Fig. 197) rep- -f- 
resents in a given case the magnetic 
force due to a current in the coil, the 
needle takes the direction ND, or the 
angle of deflection is HND. If, how- 
ever, the current strength is doubled, n~ 
its magnetic force is doubled, and is 
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represented by NC ; the angle of deflection then becomes 
HNiy . By doubling the current the angle of deflection has 
not been doubled, but the tangent of the second deflection, 
fjry HD 

— — -, is twice the tangent of the first deflection, -7777' 

If the current strength is increased threefold, its mag- 
netic force is represented by the line NC\ which is three 
times as long as NC. Here, also, it is evident that the 
deflection HND^' is not three times the deflection HND^ 

but the tangent of HND" ; equals three times the 

zjn ^^ 

tangent of HMD, ^. 
Nil 

Hence it follows that with a tangent galvanometer the 
current strength in the coil is directly proportional to 
the tangent of the deflection produced. 

If for a particular instrument the deflection, \, obtained 
by passing a known current, Cj, through its coil has been 
determined, the value of any other current, Cj, which pro- 
duces a deflection, Sg, may be obtained from the proportion, 

C\ : C2 = tan \ : tan \, 

403. Ammeter. — Instead of marking the scale in degrees 
of arc, a current known to be one ampere may be passed 
through the coil and the place on the scale where the needle 
comes to rest marked accordingly ; likewise, currents of 2, 
3, 4, etc., amperes are passed through the coil, and the 
position of .the needle marked in each case. Such a gal- 
vanometer may be used to indicate directly the current 
strength in amperes, and is called an amperemeter or am- 
meter. The coil of an ammeter is usually made of thick 
copper wire of few turns, so that the resistance of the coil 
is small, and consequently does not decrease a current 
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appreciably when the instrument is introduced into an 
electric circuit. 

404. Voltmeter. — If the coil of a galvanometer consists 
of many hundreds of turns of fine wire, so that its resist- 
ance is very large, the current that flows through the coil 
will be a measure of the poten- 
tial difference of the points with 

which the coil is connected, as / > (v) >_ ) \ 

was shown in the example given a ^ c b 

in § 392. Fig. 198. 

This may also be shown as follows : If a voltmeter is connected at 

two points, A and B (Fig. 198), in a circuit, the current flowing in the 

pjn 
voltmeter is Cj = — ^, where J^y represents the resistance of the volt- 

meter coil. If the voltmeter is connected at the two points, A and C, the 
current flowing in the voltmeter is Q = ^^ 



K 



/iv 



Hence C, : G = ^ : ^ = PD,„ : PD^c, 

i.e^ the current that flows in a voltmeter is directly propor- 
tional to the potential difference at its terminals. 

If such a galvanometer is connected successively to pairs 
of points in a circuit whose potential differences are known 
to be I, 2, 3, 4, etc., volts respectively, and the points on 
the scale where the needle comes to rest each time are 
marked to indicate these potential differences, the gal- 
vanometer becomes a voltmeter, 

405. D'Arsonval Galvanometer. — A D'Arsonval galva- 
nometer consists of a coil of fine wire, suspended by a thin 
metallic ribbon between the poles of a powerful U magnet, 
as shown in Fig. 199 ^ and b. If a current enters at A 
and passes as indicated around the coil, and then out at 
-ff, from the right-hand rule of electromagnets, it will be 
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seen that the side of the coil facing/n?;^/ acts as an N pole. 
This side will therefore be repelled by the N pole of the 
U magnet, and attracted by the S pole, and in consequence 
will twist around until the side now facing front faces the 
S pole. If a plane mirror, M^ is attached to the wire sus- 
pending the coil, a beam of light reflected by the mirror is 
deflected by its rotation. This deflection 
of the reflected light is used to determine 



J) 



N 





Fig. 199 a. 



Fig. 199^. 



the amount of deflection of the coil. To concentrate the 
lines of force of the U magnet within the suspended coil, 
the coil is 'wound around a soft iron cylinder, which is 
fixed in position ; i,e, it does not rotate with the coil. With 
a D'Arsonval galvanometer the deflection is directly pro- 
portional to the current in the coil, since the effect of 
the earth's magnetic force is inappreciable as compared 
with the controlling force of the U magnet. 

406. Measurement of Resistance. — In order to measure 
the resistance offered by any given conductor, it is necessary 
to have a coil, or a series of coils, of wire whose resistances 
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Fig. 200 a. 



have been determined by comparison with the resistance 
offered by the column of mercury, the dimensions of which 
were given in the definition of an ohm. If a number of 
pieces of metal, A,B,C, separated from one another by sma^l 
spaces, are placed as shown in Fig. 200 a 
and 6 upon the cover of a box, inside of 
which is a coil of wire whose resistance 
equals i ohm connecting A with B, and 
a 2-ohm coil connecting B with C, and if 
these metal pieces may also be connected 
by inserting tapering metal plugs, i and 2, in the spaces 
between the pieces, this instrument is a rheostat (resistance 
•box, plug form). If the rheostat is introduced into an 
electric circuit, and if both plugs are pushed well in place, 
th'^ current passes from A to C with practically no resist- 
ance; but if plug I is 
removed, the current, in 
order to pass from A to 
C, must pass through 
the i-ohm coil connect- 
ing A and B, thus in- 
troducing a resistance of 
I ohm into the circuit. 
If, however, plug i is 
reinserted between A and B and plug 2 is removed, a resist- 
ance of 2 ohms is introduced into the circuit. If both 
plugs are removed, the resistance introduced is 3 ohms. 




Fig. 200^. 



407. Current Reversal. — It is often desirable to reverse 
the direction of the current through a particular instru- 
ment, as, for instance, a galvanometer, in which case a 
current reverser, one type of which, consisting of a 2-pole, 
double-throw knife switch, is shown in Fig. 201. The cur- 
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rent enters the reverser at hinge x and leaves at hinge y. 
The galvanometer is connected at the split contacts c and 
rf, which are also connected diagonally with the split 
contacts, b and a, as shown. When the knife blades are 
thrown so as to connect x with c and 
y with rf, the current passes from x to 
c, to m, to «, to dy to y^ and out. If, 
however, the blades are thrown so as 
to connect x with a and y with ^, the 
current flows from x to a, to rf, to «, to 
w, to ^, to b, to J, and out Thus, by 
moving the blades from the contacts 
c and d\o a and ^, the current in the 
galvanometer is reversed, since in the 
latter position it flows from n to w, 
instead of from m to «, as in the first 
position. 




Et^ 






Fig. 90I. 



408. Measurement of the Resistance 
of a Cell. — If a cell connected in cir- 
cuit with a rheostat and an ammeter 
gives a current C^ when the external resistance is R ohms, 
and if by increasing this external resistance by n ohms, the 
current C^ then obtained, is one half of C-^ ; then, since 

E ^ E 



C,= 



r = 

^ + r* * R + n + r 



■y and Ci = 2 Cj, 



2E 



R-\-r~ R-\-n'\-r' 
2(R-^r) = R-^n + r, 
2R+2r = R + n + r, 
r=n-Ry 

or the resistance of the cell equals the difference between 
the increase, «, in the resistance which reduces the current 
value one half, and the original external resistance R, 
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409. Heasurement of the Resistance pf a Wire. — (5^^- 
stitution Method,) The resistance of a wire, or a group 
of wires, is determined by the substitution method as 
follows : — 

The wire whose resistance is to be found is connected 
at r and s (Fig. 202) of a 2-pole knife switch, so that when 
the blades are in contact with r and j, the wire is con- 
nected in circuit with a a a i * 

.^^ 



t V, 



4' 



2ih€08tat 



VW\A 




cell and a galvanometer. 
After the galvanometer 
deflection has been ob- 
served, the knife blades 
are thrown over into 
contact with / and u, 
thereby substituting a 
rheostat, connected at 
these points, in place 

of the wire of unknown resistance. By means of 
the rheostat sufficient resistance is introduced into the 
circuit to reproduce the deflection previously obtained. 
This resistance then equals the resistance of the given 
wire. 

Since the deflections are the same, the value of C is 

E 



Fig. ao2. 



the same in both cases. C = - 



-, and, since the same 



R-hr 

cell is used, the values of E and r will not change appre- 
ciably in the few minutes required to perform the ex- 
periment ; therefore the values of R must be equal. The 
external resistance, R, includes the resistance of the 
galvanometer coil and that of the connecting wires; but 
since these remain unchanged. in both parts of the experi- 
ment, the rheostat resistance must equal that of the wire 
whose resistance is to be determined. 
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410. Laws of Resistance of Wires. — From results ob- 
tained by this method, the following laws of resistance 
may be derived: — 

1. The resistances {R) of wires of the same material 
and diameter are directly proportional to their length (/). 

2. The resistances of wires of the same material and 
length are inversely proportional to the squares of their 
diameters (rf), or to their cross sections (5 ). 

R^\R^ = d^^\d^, or =S^\Sy 

3. The resistance varies with the material of the wire. 
The specific resistance of a substance, denoted by the 

letter k, is the resistance of a wire of that substance having 
unit length and unit diameter. 

If the lengths and diameters are the same, the resistances 
of any two wires are directly proportional to their specific 
resistances. 

Rl'R2 = ^l' ^2- 

Sometimes the value of k is given to represent the resistance of a 
cube of the given substance, i cm. on each edge. Its -value is also 
given as the resistance of a wire i m. long, i mm. in diameter, or 
of a wire i ft. long, .001 in. (called i mil) in diameter. In each case 
the dimensions of k must be stated. For instance, if the dimensions 
of /& are i m. long, i mm. in diameter, its value for copper is .021 ohm ; 
for German silver, .4 ohm; for iron, .125 ohm. Hence for the same 
length and diameter, the resistance of a German silver wire is approxi- 
mately 19 times that of a copper wire, and the resistance of an iron 
wire 6 times that of a copper wire. 

k/ 
Combining these three laws in one equation, R=-^y 

a^ 

where, if k is the resistance of a wire i m. long, i mm. in 

diameter of the given material, / is the length of the wire 
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in meters, d^ is the square of the diameter measured in 
millimeters. 

For example, given that k for German silver is .4 ohm (i m., i mm ). 
Find the resistance of 2 m. of No. 30 German silver wire. (Diameter of 
No. 30 wire = .25 mm.) 

;? = :42<2 ^ __^ ^ J2.8 ohms. 
.25* .0625 

Again, given that k for copper = .021 ohm (i m., i mm.). Find the 
resistance of 20 m. of No. 30 copper wire, 

.25* .0625 

411. Variation of Resistance with Temperature. — The 

resistance of a wire increases with a rise in its temperature. 

If 20 m. of No. 30 copper wire is kept in water whose 

temperature is o** C. while the resistance is being measured, 

the resistance is found to be 6.72 ohms. If the wire is 

again kept in water whose temperature is 100° C. while its 

resistance is being measured, the resistance is found to be 

9.40 ohms. The increase in resistance (9.40 — 6.72) is 

2.68 ohms. The increase in resistance per degree of rise 

2 68 
of temperature is — — , or .0268 ohm. The ratio of the 
100 

increase in the resistance per degree of rise in temperature, 

to the resistance at ^ C. equals *-- = .004, which is the 

0.72 

temperature coefficient of resistance for copper. Carbon is 

an exception to the rule that an increase of temperature 

produces an increase of resistance. The hot resistance of 

the carbon filament in an incandescent lamp is only about 

f of its resistance when cold. 

412. Wheatstone Bridge. — A Wheatstone bridge is an 
instrument by which resistance may also be measured. It 
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consists of a divided circuit of two branches, ^C5 and ADB 
(Fig. 203), in which a point C in one branch is connected 
with some point D in the other branch, thus forming a 
"bridge" extending from the one branch to the other. 
A galvanometer, G, is inserted in this bridge. The elec- 
tric potentials of the 
points-^ and B are the 
same for branch A CB 
as for branch ADB; 
hence, there must be 
some point D in the 
branch ADB that has 
the same potential as that of a given point C in the branch 
ACB, This point D is experimentally found either by 
varying one of the four resistances r^, rg, r^, r^ or by slid- 
ing the contact D along the conductor ADB until no cur- 
rent flows across the " bridge " through the galvanometer. 
Since C and D are at the same potential, no current flows 
from Cto Dy and the current in AQ C^, equals the current 
in CB, C2, also the current in AD, C^, equals the current in 
DB, C4. The potential difference of A and C, PD^, equals 
the potential difference of A and D, PD^ ; similarly, PD^, 
the potential difference of C and B, equals PD^ the poten- 
tial difference of D and B, 

Therefore, ^ = ?:3Q. 

Hence, ^i : r 2 = rg : r^. 

Thus, if in a two-branch circuit two points are selected 
which have the same potential, the four resistance arms, 
into which the two branches are divided by these two 
points, are in proportion. 
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A common form of bridge is the slide wire bridge, shown 
in Fig. 204, a and b. One branch, AK^B, is a single wire 
I m. long ; the other branch, AxK^RB, contains two resist- 
ance arms, one, Xy unknown, the other, /?, a known rheostat 



MAM 




AiT. 



3 



j\ 



K 



Fig. 204 a. 

resistance. The point K^ is a sliding contact, and when 
it is so located that it has the same potential as K^, then 
x\R = l^:l^, The ratio /g : ^ can be used in place of 
^8 : r^, since AK^B is a uniform wire, and the resistances 
of any two portions of it are proportional to their lengths. 




Fig. 204^. 

Since in the proportion ;ir : /?= 4 : /^ the three terms /?, /g, 
and l^ are known, the unknown resistance x may be calcu- 

The degree of accuracy to which resistances may be 
determined depends upon the correctness of the rheostat re- 
sistance R and upon the sensitiveness of the galvanometer 
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used to determine when points K^ and K^ are equipoten- 
tial. The advantage of the bridge method in determining 
resistances over the substitution method is that the propor- 
tionality of the arms of the bridge is not affected by any 
change in the E. M. F. of the generator used in the circuit. 

413. Resistance of Parallel Conductors. — If two points, 
A and By in a citcuit are con- 
nected by three wires (Fig. 205) 
-^\^^,^^^f^.x^^ ' whose resistances are r^, r^, r^ 
Fig. 205. ohms respectively, their combined 

resistance is determined as follows: 
Let e be the potential difference between points A and 

By then the current sttength in branch r^, or ^1 = —, in 

e e ^^ 

branch r^y c^ = — , and in branch rg, c^ = — 

The total current C= -^ , where R is the combined resist- 
ance. 

But C= ^1 -f ^2 + ^s:*" 

r„i. e e e e 

-^ ^1 ^2 ^8 

i.e, the reciprocal of the combitied resistance equals the sum 
of the reciprocals of the resistances of the several branches. 

For example, if three wires whose resistances are 2, 3, and 4 ohms 
respectively are connected in parallel, their combined resistance R is 
found from the equation, 

A' 2 3 4 12 12 12 12' 

12 
therefore, R = — ohm. 

Again, if four wires, each of which has a resistance of 100 ohms, are 
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connected in paralld, their combined resistance R is found from the 

equation 

I I I I I 4 I 

R 100 100 100 ioo~.ioo 25' 

R = 2$ ohms, or one fourth of the resistance of one wire. Hence, 

if any number, », of egual resistances, such as incandescent lamps, are 

connected in parallel, their combined resistance is - th of the resistance 
of one of them. 

414. Current in a Divided Circuit. — The current strength 
throughout a circuit of single conductors connected in 
series is the same at any point; 

but if the conductors are joined ^ ^ \^ < >^ 

in parallel, this is no longer true, t ^ 



n 



Suppose that two points, A and ^ ^ r, Ji 

B (Fig. 206), in a circuit are con- y\q. 206. 

nected by two wires in parallel 

whose separate resistances are r^ and r^ ohms respectively. 
Letting e repriesent the potential difference of the points 
A and By the currents in the branches are, respectively, 

Cj = — , and C«=— . 

Then C, :Ci = - : i=l : i. 

^1 ^2 r, r. 

Therefore C^\C^ — r^\ r^ 

or the currents in the branches of a divided circuit are 
inversely proportional to the resistances of the branches. 
That part of the whole current C, or C^ -f Cg, which 
flows in each branch, may also be calculated : — 

For Ci + Q : Ci = r, + rg : rg ; 

therefore, C = — ^i— C. 

Similarly, Ci + Q : Q : : r, + «2 • ''i ; 

therefore, C« = — ^J— C 

^1 + r. 
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For example, in a divided circuit of two branches whose resistances 
are 24 ohms and i ohm respectively ; find what fraction of the whole 
current flows through the 24 ohm branch. 

The current C, = z= — of the whole current. 

^ 24 + 1 25 

For Ci = — and Cj = - ; 

24 I 



2C € 

the whole current 0^ + 0^=^ -^—' 



24 



Therefore C, = — = — x — = — of the whole current. 

* 25^ 24 2$e 25 

If the 24 ohm branch is the coil of a galvanometer and 
the I ohm branch is a wire connecting the galvanometer 
terminals outside of the galvanometer, this i ohm wire is 
called a sAunt to the galvanometer because it allows a por- 
tion of the current to pass around. In the given case it 
Would be called a ^ shunt because it allows only ^ of 
the whole current to pass through the galvanometer coiL 
Its resistance, however, is only ^ of the resistance of the 
coil. Similarly a y^ shunt would have ^ of the resistance of 
the galvanometer coil, and a j^ shunt would have ^ the 
resistance of the coil. 

In general, either branch of a two-branch circuit is a 
shunt to the other. 

PROBLEMS 

I . Given two cells, A and By having an E. M. F. i .5 volts and 2 volts 
respectively, and .5 ohm and .1 ohm internal resistance respectively. 
Each cell is connected successively to a voltmeter whose resistance is 
200 ohms, and to an ammeter whose resistance is .01 ohm. Compare 
the readings of each instrument for each cell, and state in which instru- 
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ment the readings are practically proportioned to the E. M. F. of the 
circuit. 

Voltmeter \ A = 1.496 volts. Ammeter \ A == 2.94 amp. 

readings i B = 1.999 volts. readings { B = 18.18 amp. 

Ans. \ Ratio of E. M. F.'s A:B = .750 

Ratio of Vm. readings . . . . A:B = .748 
Ratio of Am. readings A:B = .162 

2. A current of .45 amp. in the coil of a certain tangent galvanome- 
ter produces a deflection of 41° ; what current will produce a deflection 
of (a) 10°, (d) 20°, (c) 30°? Ans, (a) .091 amp. (d) .188 amp. 
(c) .299 amp. 

3. A copper wire 12 m. long, .5 mm. diameter, offers i ohm resist- 
ance ; ind the resistance of 20 m. of copper wire, .25 mm. diameter. 

Ans. 6.66 ohms. 

4. If 2 m. of German silver wire, .25 mm. in diameter, offers 12.8 
ohms resistance, what is the specific resistance of German silver in terms 
of the units i m. and i mm. ? Ans, .4 ohm. 

5. If the arm r^ of a slide wire Wheatstone bridge is an unknown 
resistance, arm rj is 10 ohms, and the equipotential point, A'g, of the 
slide wire is 79.2 cm., what is the unknown resistance (assuming that 
the zero end of the meter wire is at A) ? Ans. 38.08 ohms. 

6. If the arm r, of a slide wire bridge is 2 ohms, arm rg is 3 ohms, 
and the point, A'g, of the slide wire, which is connected through the gal- 
vanometer with ^1, is 50 cm., (a) which point, /C^ or A'g, is at the higher 
potential? (6) If the P. D. of the main terminals A and B of the 
bridge is 2 volts, what is the P. D. of points JC^ and ^j? Ans. (a) A\. 
(6) .2 volt. 

7. What is the relative resistance of 90 cm. of platinum wire, .4 mm. 
in diameter, and the same length of copper wire, .33 mm. in diameter, 
the specific resistance of platinum being 7 times that of copper? 

Ans. 4.76 : 1 . 

8. Six incandescent lamps with a resistance of 240 ohms each are con- 
nected in parallel with two points whose P.D. is 115 volts, (a) What 
is the joint resistance of the lamps ? (d) What current flows between 
the two points? Ans. (a) 40 ohms, (d) 2.875 ^"^P- 

9^ A D' Arson val galvanometer, whose resistance is 240 ohms, has its 
terminals connected also by a branch wire or shunt whose resistance is 
10 ohms. When the galvanometer is connected to two points whose 



306 PHYSICS 

P. D. is .2 volt, what current flows (a) through the galvanometer coil, 
(d) through the shunt? Ans, (a) .00083 amp. (d) .02 amp. 

10. A cell whose £. M.F. is 1.5 volts and internal resistance .25 
ohm has its terminals connected by three wires in parallel whose sepa- 
rate resistances are 3, 5, and 8 ohms respectively; (a) what current 
flows through each of these wires? (d) what is the joint resistance of the 
three wires ? 

' (a) .43 amp. in 3 ohm wire. (6) 1.5 19 ohms. 
Ans, ' .26 amp. in 5 ohm wire. 

.16 amp. in 8 ohm wire. 

11. A storage battery is connected in series with an incandescent 
lamp and milliammeter (an ammeter whose divisions indicate r^^^ 
amp.). In parallel with the lamp is connected a voltmeter. The milli- 
ammeter reads .020 amp. and the voltmeter 7.2 volts, what is tke resist- 
ance of the lamp? Ans. 360 ohms. 

12. A D'Arsonval galvanometer, whose resistance is 240 ohms when 
connected in series with a certain cell and a rheostat resistance of 100 
ohms, deflects 50 scale divisions. Since the deflection is proportional to 
the current, what resistance in series with the galvanometer and cell 
would reduce the deflection to 5 scale divisions? Ans. 3160 ohms. 



CHAPTER XIX 
INDUCED BLBOTRO-MOTIVB POROB 

415. Electrical and Magnetic Conditions Related. — It 

has previously been shown that when a current passes 
around a bar of soft iron, the iron becomes magnetized, 
and that when a wire carrying a current is brought near a 
suspended magnetized needle, the needle is deflected, show- 
ing that there is a magnetic field produced around a wire 
when a current is passing through it. These and similar 
phenomena indicate an intimate relation between electrical 
and magnetic conditions. 

416. Production of Induced E. M. F. — The space about a 
magnet is traversed by lines of force which pass out from 
the N pole and enter the magnet 
again at the S pole. If a coil of 
insulated wire, A (Fig. 207), held 
perpendicular to the plane of the 
paper is moved to the left so that 
the coil cuts the lines of force 
emanating from the N pole of °* "°^* 

a bar magnet placed in the plane of the paper, it is found 
that an E. M. F. is generated in the coil which lasts only as 
long as the coil is cutting the lines of magnetic force. This 
electro-motive force is called an induced E. M. F. because it 
is produced by the influence of variations in the magnetic 
field through which the coil of wire is passing. 

307 
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417. Transformation of Mechanical Energy into Electri- 
cal Energy. — It requires more mechanical energy to 
move a closed coil across these lines of force than to move 
it through space not traversed by such lines. It is this 
additional mechanical energy which is transformed into 
electrical energy in the coil, and whose value is measured 
by the product of the E. M. F. produced and the resulting 
current. 

418. Strength of Current. — If the terminals of the coil 
are connected, a current will flow in the coil during the 
time the E. M. F. is being induced therein, and the strength 
of this current will depend, as always, both upon the magni- 
tude of the induced E. M. F. and the resistance of the coil. 

419. Magnitude of Induced E. M. F. — The magnitude of 
the induced electro-motive force depends upon three things : 
( I ) the intensity of the magnet field across which the coil 
passes — the stronger the magnet, the greater is the in- 
duced E. M. F. ; (2) the speed with which the coil is moved 
across these lines of force — the greater the speed, the 
greater is the induced E. M. F. ; (3) the number of turns 
in the coil which is moved across the magnetic field — the 
greater the number of turns, the greater is the induced 
E. M. F. 

In brief, then, the magnitude of induced electro-fnotive 
force is determined by the rate at which lines of magnetic 
force are cut^ i.e. the number of lines cut per second, 

420. Direction of Induced E. M. F. — The direction of an 
induced E. M. F, depends upon two other directions : ( i ) the 
direction of the lines of magnetic force, (2) the direction in 
which the coil is moved across these lines. 

If the coil A is moved on toward the left across the lines 
of force passing into the S pole of a magnet, the direction 
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of the E. M. F. is opposite to that produced when the coil 
was moved toward the left across the lines of force at the 
N pole. The direction of a line of magnetic force in any 
portion of space is the direction in which the N pole of a 
needle tends to move if placed in that space. Since when 
near the N pole of a magnet another N pole is repelled, 
the direction of lines of force at the N pole of a magnet 
is away from that pole ; conversely the lines of force at the 
S pole of a magnet have a direction toward that pole. 

If, after the coil A (Fig. 207) has been moved to a posi- 
tion around the N pole of the bar magnet, it is then moved 
toward the right away from the pole, the direction of the 
E.M.F. produced is opposite to the direction of the E.M.F. 
induced while the coil was being moved to the left toward 
the pole. 

The direction of the motion of the coil was in the di- 
rection of the length of the magnet, the direction of the . 
lines of force at the pole are 
perpendicular to this length, 
and since the coil (its circum- 
ference) was held so as to be 
perpendicular to both of these 
directions, there are here three 
directions each perpendicular 
to each of the others. These 
three directions may be repre- 
sented by the thumb and first 
two fingers of the right hand 
extended so that each is perpendicular to each of the 
others, as shown in Fig. 208. 




Fig. 208. 



421. Three-finger Rule. — If the direction X (Fig. 208) 
of the extended thumb of the right hand indicates the 
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Fig. 209. 



direction of the motion of the coil across lines of magnetic 
force, and the direction V of the extended forefinger indi- 
cates the direction of the lines of force at a given point in 

the space, the direction Z of the 
extended middle finger will indi- 
cate the direction of the E. M. F. 
induced in the coil .as it passes 
this given point in space. 

For example, if a coil (Fig. 209) is 
moved toward and over the N pole 
of a magnet, the direction of the 
E. M. F. in the upper part D of the 
coil is in the direction Z perpendicular 
to the plane of the paper and into 
it, the direction of the E. M. F. at the lower part E of the coil is 
in the direction Z perpendicular to the plane of the paper and outward 
ft-om it. In this case the direction of the current flowing in the coil, if 
looked at so as to /a^^ the pole of the magnet, is clockwise^ as shown. 

422. Mechanical Drag on Conductors moving in a Mag- 
netic Field. — In Fig. 210 is shown a square wire frame 
rotated in the direction of the arrow about an axis perpen- 
dicular to the lines of force be- 
tween two unlike poles, N and 
5, of a magnet. By means of 
the three-finger rule-* it may be 
found that the direction of the 
E. M. F. induced in part P of 
the wire frame is from a to 
b. In part Q of the wire frame 
the induced E. M. F. is from 
c to d. At b (Fig. 211), when 
the current is flowing toward you, the magnetic field pro- 
duced by this current about the conductor ab is counter- 
clockwise. Hence the lines of force from the field magnet 




Fig. 210. 
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are opposite in direction to these lines on the upper side of 
b and in the same direction on the lower side. This causes 
a weakening of the field on the upper side of b^ as shown, 
and a strengthening on the lower 
side, resulting in a tendency to move 
the conductor ab upward in oppo- 
sition to the direction (shown by the 
arrow) in which it is being rotated. 
Conversely, for c there is a confluence n 
of magnetic lines on its upper side 
and a decrease on its lower side re- 
sulting in a tendency to force the 
conductor cd dozvnward in opposition 
to the direction it is being rotated. It 
is in overcoming this mechanical drag on the conductor 
that the mechanical energy of rotation is transformed into 
electrical energy. 




Fig. 211. 



423. Induction Coil. — It has so far been assumed that a 
permanent magnet is used to produce the magnetic field 
across which the coil passes, but this 
need not be, and usually is not, the 
case. If a coil of wire PP' (Fig. 
212), wound about an iron core cc\ is 
connected with some electric genera- 
tor Bf so that a strong current flows 
through the coil, there is produced 
an intense magnetic field about this 
electro-magnet. If another coil 55' 
is wound about this electro-magnet, it 
is possible to induce an E. M. F. in 
Fig. 212. ^^jj ^^1 i^y varying the strength of 

the electro-magnet either by introducing resistance in the 
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circuit of the electro-magnet, or by alternately opening and 
closing its circuit, or by moving the core into or out of the 
coil. Whenever the electro-magnet or primary circuit, as 

it is called, is closed^ the result 
is the same as if a magnet 
was suddenly thrust into the 
coil 55', and for that instant 
an E. M. F. is induced in the 
L[k|L f \" \ \ \ \ \ TT T secondary coil. The direction 
\ mJ ^' of the E.M.F. in the second- 

ary circuit is opposite to that 
in the primary circuit When- 
ever the primary circuit is 

opene(l^ the result is the same 
Fig. 213a. .- , , , , 

as if a magnet was suddenly 

withdrawn from the coil SS\ and for that instant an 
E. M. F. is induced in the secondary circuit whose direc- 
tion is the same as that in the primary circuit. If the 
terminals of the secondary coil are connected, there will 
circulate in it a current during the instants of opening and 
of closing the primary circuit, but alternating in direction. 




424. Induction Coil with Automatic Interrupter. — This 
opening and closing of the primary circuit may be done by 
an automatic interrupter, shown in Fig. 213^ and b. 
This device is used also in 
an electric bell to keep 
the clapper in vibration. 

The current from the 
generator B, after pass- 
ing around the iron core 
ccf , is led to an upright 
piece of spring brass ^, fig. 213^. 




t= 
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at the upper end of which, and facing the core cd , is 
a piece of soft iron b. Thence the current flows through 
the screw j, down through the metal support d^ and back 
to the generator. While the current is thus flowing, the 
core cc^ is magnetized and attracts the iron piece by pulling 
the spring away from contact with screw j, thus breaking* 
the primary circuit. The core then becomes demagnetized, 
releases the iron piece, which, by the recovery of the brass 
spring, is brought again into contact with screw Sy thus 
closing the primary circuit, and the former operation is 
repeated. 

Whenever the primary circuit is thus opened or closed, 
an E. M. F. is induced in the secondary coil 55', which 
alternates in direction with eax:h change in the primary 
circuit. 

If the number of turns of wire in the primary coil is 
sufficient to magnetize the core to saturation when a few 
amperes of current are flowing through the coil, and if 
there is a rapid-action interrupter in the primary circuit, it 
is possible with a secondary coil of several thousand turns 
to generate in it an alternating E. M. F. of great inten- 
sity, running into thousands of volts. If the terminals of 
the secondary coil are separated a few centimeters, this 
E, M. F. is powerful enough to send a charge of electricity 
across the air space between the terminals, heating the air 
to incandescence in its passage, and producing what is 
known as an electric spark. In this manner are con- 
structed the spark coils used in X-ray experiments and in 
wireless telegraphy. 

425. Capacity. — The electric potential to which a given 
.charge of electricity on a body will raise it depends upon 
the capacity of the body — the greater its capacity, the less 
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is its electric potential for the same charge. This is ex- 
pressed in the form F= ^, when Fis the potential, Q the 

quantity of electricity, and K the capacity of the body. 
The capacity of a body is increased by increasing the ex- 
tent of its surface, and also by bringing near it a conductor 
charged with the opposite kind of electricity. The condenser 
Ky introduced in parallel with the interrupter (Fig. 213 a), 
consists of a number of sheets of tinfoil insulated from each 
other, the alternate sheets being connected together. If 
at any given instant an induced current of high voltage is 
produced in the primary circuit, the condenser, by increas- 
ing the capacity of the portion of the primary circuit 
embracing the interrupter, reduces very greatly the voltage 
or P. D. of the terminals connected with it. 



426. Self-induction. — While the interrupter is in action, 
a spark is seen at the point of screw s at the instant the 
primary circuit is broken. This is due to the fact that the 
change in the electric condition of the various turns of 
the primary coil is not instantaneous. There seems to be 
a sort of magnetic inertia, in virtue of which a given mag- 
netic field tends to persist after the current which caused 
it ceases. When the circuit is broken at the interrupter, 
the change of magnetic field produces, by induction, in the 
primary coil a high K M. F. in the same direction as 
the primary E. M, F. It is this E. M. F. which produces the 
spark at the interrupter and it is the P. D. produced by this 
E. M. F. at the interrupter which is reduced by means of 
the condenser K, At the instant the circuit is closed at the 
interrupter, this self-induction produces in the primary coil 
an E. M. F. opposed to the primary E. M. F. This counter 
electro-motive force retards the establishment of current in 
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the primary. Thus by using a condenser the delay in the 
change of magnetic condition of the core is decreased; 
hence the action of the interrupter is more rapid and the 
induced E. M. F. correspondingly greater. 

In every circuit of alternating E. M. F. in which there 
are coils of wire, this retarding or choking effect acts as 
additional resistance to the passing of the current. This 
reactancey so called, of an alternating circuit may be esti- 
mated in ohms just as in the case of ordinary resistance. 

Self-induction may be realized in the following manner. 
When several storage cells are connected in series, no 
unpleasant effect is experienced if the circuit is inter- 
rupted while grasping the terminals of the battery in the 
hands; but if in circuit with these cells there is a high 
resistance telegraph relay or several telegraph sounders, 
or any other high resistance electro-magnets, a very per- 
ceptible shock is felt when the circuit is interrupted. 

I 

427. Static Transformer. — If around an iron ring (Fig. . 
2 14) are wound a primary coil P of a few turns of course 
wire, and a secondary coil 5 of many turns of fine wire, 
and if the primary coil is connected 
in a circuit containing an alternat- 
ing E. M. F. (/>. an E. M. F. whose 
direction is reversed many times 
per second), the lines of magnetic 
force produced in the ring by this 
primary current are reversed as 
many times per second as the ^°' ^^^' 

primary E. M. F. is reversed. If there are «i turns of wire 
in the primary coil and n^ turns in the secondary, since 
the lines of force generated by the current in each of the 
n^ turns cuts each of the n^ turns in the secondary, there 
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is induced in the secondary coil 5 an alternating E. M. F. 
as many times as great as the primary E. M. F. as the 
number of turns of wire in the secondary coil is as great 
as the primary turns. 

If the primary E. M. F. is no volts and the secondary coil has 20 
turns to every i in the primary, since the lines of force generated by 
I primary turn cut 20 secondary turns, the induced E. M. F. in the sec- 
ondary is 20 times 1 10 volts or 2200 volts. 

A transformer so connected is called a " step up ** trans- 
former. If the connections are changed so that there 
is but I secondary turn for each 20 primary turns and the 
primary E. M. F. is 2200 volts, the E. M. F. induced in 
the secondary is ^^ of 2200 volts, or no volts. A trans- 
former so connected is said to " step down " the voltage. 

Except for loss due to heating the iron core, the electrical 
energy, EC^ supplied to the primary equals the energy in 
the secondary coil; hence, if the voltage is "stepped up," 
the secondary current is reduced proportionally, and if the 
voltage is "stepped down," the current is proportionally 
increased. 

In many electric light plants the alternating E. M. F. 
generated at the power house is over 2000 volts; the 
voltage required to operate incandescent lamps does not 
exceed no volts, so that it is customary to introduce a 
"step down" static . transformer into the circuit in the 
immediate locality of a group of lamps, the lamps being 
fed with the secondary current delivered by the trans- 
former. 

428. The Dynamo. — A dynamo is a machine for the 
production of an induced electro-motive force. It consists 
of a number of connected coils of wire which are wound 
about an iron core and revolved within the field of a pow- 
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erful electro-magnet by the expenditure of mechanical 
energy. Lines of magnetic force are thus being continu- 
ally cut by some of the coils, and in consequence an 
E. M. F. is constantly being generated within some por- 
tion of this series of coils. 



429. Dynamo with a Single Coil Armature. — The sim- 
plest form of a dynamo (Fig. 215) consists of a pow- 
erful U magnet 
between poles of 
which is revolved 
a single coil of 
wire. The termi- 
nals of the coil 
are connected to 
two metal rings, 
c and dy which 
revolve with the 
armature about 
the axis XXK 
Held in contact 
with these two 




Fig. 215. 



rings are two strips, e and /, of metal or carbon, which 
are stationary and form the terminals of the dynamo. 
To these is connected the external portion of the circuit GH, 
Suppose the coil to be rotated in the direction indicated 
by the arrow. As the part A of the coil passes up in front 
of the S pole of the U magnet there is induced in the 
wire an E. M. F. whose direction (by the three-finger rule) 
is found to be as indicated by the arrowheads. At the 
same time part B passes down in front of the N pole, and 
there is induced in it an E. M. F. in the indicated direc- 
tion. For this instant a current will flow out from strip /, 
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through the external circuit GH in the direction indicated, 
reentering the coil at strip e. When the plane of the 
revolving coil becomes vertical, the parts of the coil are 
moving parallel with the lines of magnetic force between 
the poles of the magnet; therefore, since the coil is not 
then cutting any lines, the value of the E. M. F. drops to 
zero. As the part A of the coil takes the position indi- 
cated in the diagram by B^ and B takes the position 
indicated by A^ an E. M. F. is again generated in the coil 
in the indicated direction, but as B is connected with ring 
d the current flows out of strip e, through the external cir- 
cuit HG in the opposite direction to that indicated, 
reentering the coil again by strip /. As the plane of the 
revolving coil again becomes vertical, the value of the 
E. M. F. again drops to zero. Thus, it is seen that in 
one complete revolution of the coil the E. M. F. rises to a 
maximum, decreases to zero, rises to a maximum in the 
opposite direction, and again de- 
creases to zero. This may be rep- 
resented* graphically by a curve 
(Fig. 216) in which the distance 
from the horizontal axis at any point 
represents the value of the E. M. F. at that instant, the 
E. M. F. in one direction being above the horizontal axis 
while that in the opposite direction is below it. Such a 
dynamo is called an alternator. 

430. Direct Current Dynamo with a Single-coil Armature. 

— If the terminals of the revolving coil are connected as 
shown in Fig. 217^ to the two parts, c and d, of one split 
ring which revolves with the coil about the axis XX^ and the 
strips, e and / (Fig. 217 b\ rest upon these two segments, 
as the part A moves up in front of the S pole and the 
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part B down in front of the N pole the E. M. F. induced 
in the coil is in the indicated direction, a x in the circle 



X' 



u;x 



rx 



Fig. 217 a. 

meaning current flowing from you, and a dot in the circle, 
current flowing toward you. For this instant the current 
flows from d through strip /, through the external circuit 
GH in the indicated direction, reentering the coil through 
^trip e and segment c. As the plane of the coil becomes 
vertical this E. M. F. decreases to zero. When A and B 
interchange positions, the two segments of the split ring 
change also, so that strip / is in contact with segment c^ 




^VVVVVW^ 
Fig. 217 <J. 




Fig. 217 ^r. 



and the E. M. F. generated in A when in the position 
shown in Fig. 217 ^ sends a current to Cy out through 
strip /, through the external circuit GH in the same direc- 
tion as before, reentering the coil through strip e and seg- 
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ment d. As the plane of the coil becomes vertical this 

E. M. F. decreases to zero. Hence, 

it is seen that in one revolution of 

the coil there is produced a P. D. 

"^ ~-^- ' whose value for the external circuit* 

Fig. 2i8. q^ ^^y y^^ graphically represented 

by the curve (Fig. 218), the P. D., when there is any, 
always being in the same direction. 

431. Dynamo with a Ring Armature. — If instead of one 
revolving coil there are two coils whose planes are perpen- 
dicular to each other, when the / 6 h d_ j 
E. M. F. is a maximum in one, it i xfCT/iCj 



is zero in the other (Fig. 219), and a g c i 6 
the P. D. in the external circuit will ^'g- 219- 

be represented by a curve (Fig. 220) compounded of the 
/"^y^^^X^/^Tx ^^^ curves, abcde zxidi fghij^ similar 
; i I i } i I I I to the above. As the number of 
I — I — I — I — i — ! — LJ — ! coils used is greater, this line ap- 
FiG. 220. proaches a straight line as a limit. 

Such a direct current dynamo may be constructed as 
shown in Fig. 221 a^ or as shown in the diagram (Fig. 221 U). 
Around an iron ring are wound eight coils, i, 2, 3, 4, 5, 6, 7, 8, 
all in the same fashion as shown in the diagram. The 
split ring has the same number of segments, a^ b, c, d^ ^,/, 
g, h. One end of coil i is joined to segment a^ as is also one 
end of coil 8 ; the other end of coil i and one end of coil 
2 is joined to the next segment b. The coils are similarly 
connected all around the ring. The Strips B^ and B^, 
called brushes, rest on the segments at the end of the 
vertical diameter of the split ring. As the coils are re- 
volved in the direction of the arrow, the coils i to 4 inclusive 
are moving down ia front of the S pole, and by the three- 
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Fig. 221 <z. 



finger rule the induced E. M. F. in them has the direction 
indicated by the 
small arrowheads. 
The coils 5 to 8 in- 
clusive are moving 
up in front of the 
N pole, and the in- 
duced E. M. F. in 
them is in the direc- 
tion marked. It is 
seen that the 
E. M. F. in the two 
sides of the ring 
both send a current 
to the top segment of the split ring, out through brush B^ 

through the exter- 
nal circuit GH in 
the indicated direc- 
tion to brush B^ in 
contact with the 
bottom segments, 
where on reenter- 
ing, the current 
divides, passing up 
through the coils 
on the two sides 
of the ring. The 
ring revolves with 
the coils, but the 
brushes B^ and B^ 
remain stationary, 
so that as coil 8 
takes the position of coil i and coil 4 that of 5, although 




"Wv' 



Fig. 221^. 
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the E. M. F. in each is reversed as it passes the vertical 
plane* the direction of the current will still be out through 
brush ^1, and through the external circuit GHva the same 
direction as before. 

432. Parts of a D. C. Dynamo.— The split ring of a 
dynamo is called the commutator because, as shown, by 
means of it the alternating current in the revolving coils is 
changed to a direct current in the external circuit. For 
this reason this form of dynamo is called a direct current 
(D. C.) dynamo. The revolving coils and iron core consti- 
tute what is called the armature. The coils of the arma- 
ture are wound about an iron core in order to increase the 
number of lines of force which pass through it from the 
one pole to the other, because iron is a much better con- 
ductor of magnetic flux than air. This core is usually not 
one piece but is built up of iron disks insulated from ea:ch 
other to prevent the flow of induced currents in it. The 
strips which rest on the commutator and which form the 
terminals of the dynamo are called the brushes. The mag- 
net which produces the field of force is known as the field 
magnet. There are, then, four principal parts to a direct 
current dynamo : the field magnet^ the armature^ the com' 
mutator^ the brushes. 

433. Residual Magnetism of the Field Magnet. — In 

order to furnish a field of force to start the generation of 
E. M. F. in the armature when it first begins to revolve, it 
is necessary that the field magnet should always be mag- 
netized to some extent. When the dynamo is manufactured, 
its magnet is energized from some outside source, and as 
has been seen in the experiments with electro-magnets, 
after they have once been strongly magnetized from 3 to 
5% of this magnetism remains after the current is cut off 
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from its coil. This residual magnetism is available to 
start the generation of E. M. F. in the .revolving armature. 
Some of the current issuing from brush B^ is diverted, 
as shown in Fig. 222, so as to pass through the coil 
MN wound around the core of the field magnet, so that 
as its magnetization is built up the value of the induced 
E. M. F. in the armature rises until the field magnet is 
saturated. When this condition is reached, no increase 
in the field of the magnet is produced by a further increase 
in the current flowing around the field coil MN. Hence, if 
the speed of revolution of the armature remains constant, 
the E. M. F. then generated has reached its highest value 
for this dynamo working under 
the given conditions. 

434. Classification of D. C. 
I>ynamos. — According to the 
manner in which the field coil 
and external circuit are con- 
nected relative to each other 
direct current dynamos are 
divided into three classes : — 

I. Shunt Dynamo, — In this 
dynamo (Fig. 222) the field coil 
MN and the external circuit 
GH are connected in parallel 
with each other. The positive 
brush B^ is connected both to the terminal M of the field 
coil and the terminal G of the external circuit, and the 
terminal N of the field coil and terminal H of the external 
circuit are both joined to the negative brush B^, Hence the 
current in the field coil is not the same as that in the exter- 
nal circuit unless they are of the same resistance. If the 
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Fig. 222. 
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external resistance is one 
fourth of the field coil 
resistance, the current 
in the external circuit is 
four times the current 
in the field coil, i,e, one 
fifth of the current 
flows through the arma- 
ture. 

2. Series Dynamo, — 
In this dynamo (Fig. 
223) the field coil MAf 
and external circuit GH 
are connected in series 
with the armature. The 
positive brush B^ is con- 
nxtemainesistance nected with the end M 

^°- »^3. of the field coil the other 

end of which is connected with the terminal G of the exter- 
nal circuit, and the terminal If 

of the external circuit is joined 

to the negative brush B^. The 

current flowing in the field coil 

is, therefore, the same as that in 

the armature, or in the external 

circuit. 

3. Compound Dynamo, — In 

this dynamo (Fig. 224) there are 

two field coils ; one coil, EM^ is 

connected in series with the ex- 
ternal circuit GH^ and the other 

coil, MN, is connected in shunt 

with GH, Hence the current in 
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External BeHstance 

Fig. 224. 
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coil EM is the sum of the currents in 6^//'and in MN, but the 
currents in GH and MN are inversely as their resistances. 

435. The Characteristics of the Series Dynamo. — In 

this dynamo the same current flows through the armature, 
the field coil, and the external circuit. If the external 
resistance is large and the current flowing small, the mag- 
netic field produced is weak and therefore the electro- 
motive force is small. As the external resistance is de- 
creased the current increases and also the strength of the 
magnetic field. This causes the electro-motive force to 
increase rapidly with the increasing current until the mag- 
netic field becomes saturated. When this point is reached, 
a large increase in the current produces only a very small 
increase in the strength of field and the electro-motive 
force increases very little. Owing to the resistance of the 
armature a current flowing through it causes a drop in 
potential and the potential difference at its terminals is less 
than the electro-motive force developed. After the satu- 
ration point of the iron of the magnetic field is passed, 
the increasing drop in the armature may cause the poten- 
tial difference at the terminals of the machine to decrease 
somewhat as the current increases. Thus in a series 
dynamo as the Joad increases the EMF increases^ rapidly at 
first, then more slowly until when overloaded it decreases. 

436. The Characteristics of the Shunt I>ynamo. — In 

the shunt-wound dynamo the terminals of the field coil 
are connected directly to the brushes and the current flow- 
ing in the coil depends only on its resistance and the 
potential difference at the brushes. When the machine 
is running and no current flows in the external circuit, the 
electro-motive force generated is a maximum, the current 
in. the field coil being at its highest value. 
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When current flows in the external circuit, the increased 
armature current causes a larger D. P. in the armature and 
a less P. D. at the* brushes for the same E. M. F. This 
causes a slight decrease in the field current and lowering 
of the strength of the field and of the E. M. F. As the 
resistance in the external circuit is gradually decreased 
with the increase in the current, the P. D. at the brushes 
continues to decrease, slowly at first, but as the iron of 
the field falls below saturation, the drop in the field strength 
and in the E. M. F. developed becomes more rapid, the 
decrease in the P. D. at the brushes being more noticeable 
with each small increase of current. Thus in a shunt 
dynamo as the load increases^ the E. M, /^, starting at its 
maximum value, decreases, slowly at first, then more rapidly. 

437. Characteristic of a Compound TyyvLdcoLO. — As has 
been shown, as the external resistance of a shunt dynamo 
is decreased, the current in the shunt-field coil decreases a 
little, thus weakening the magnet and lowering the E. M. F. 
generated. If, then, a second coil of few turns is wound 
around the core of the field magnet, and this coil is con- 
nected so that it carries the larger current, passing through 
the external circuit, the magnet may be strengthened to its 
full value and the E. M. F. remain constant. Hence the 
effect of compounding the field coils of a dynamo is to 
keep the P. D. at the terminals of the machine more nearly 
constant 

438. Action of an Alternator. — In one form of alternator 
or alternating current (A. C.) dynamo (Fig. 225) the coils 
of the armature are wound alternately in opposite fashion 
around successive cores and connected in series, one termi- 
nal of the series of coils being connected at ring K^y on which 
rests brush B^, the other terminal being connected to the 
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External Besiatanee 



Other ring K2, on which rests brush B^, If there are 8 coils 
in the armature, there are 8 poles of the field magnet, alter- 
nately N and S. This field magnet is separately excited by 
a direct current 
from some out- 
side source not 
shown in the 
diagram. For an 
instant coil 8 is 
moving under an 
S pole and coil 
I under an N 
pole, the gener- 
ated E.M.F. has 
the direction in- 
dicated by. the 
small arrow- 
heads, and the 
current in the 
external circuit 
flows, as shown, 
from brush Bi 
through GH to 
brush B2 and 
back through the armature coils. The next instant, how- 
ever, as coil 8 moves under the next N pole and coil i under 
an S pole, the generated E. M. F. in coil 8 will be as shown 
for coil I, and in coil I as shown for coil 2. Hence the 
current will flow from brush B^ through HG to brush By 
Thus, in the case shown, the current will alternate in direc- 
tion 8 times for every revolution of the armature, or there 
will be 4 complete cycles in the reversals of the E. M. F. 
(Fig. 216 shows one cycle.) If the armature is revolved 




Fig. 225 a. 
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900 times per minute or 1 5 times per second, there will be 
produced 60 cycles per second in the reversals of electro- 
motive force. 

In many of the large alternators the armature is sta- 
tionary and the field magnets revolve, the result being in 
no wise different. The rotating part is often called the 
rotor^ and the stationary part the stator. 




Fig 225 b. 

Such an alternating current could not be used to energize 
the field magnets, because their polarity would change with 
each reversal in the direction of the current, so that a smaller 
direct-current dynamo is generally used in connection with 
an alternator to excite its field. 



PROBLEMS 

I. If the primary coil of a transformer has 200 turns and the secon- 
dary coil 20 turns, and if an alternating current with a voltage of 5000 
is. passing through the primary, what is the voltage induced in the 
secondary coil ? Ans. 500 volts. 
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2. If in a direct-current dynamo a single coil armature of one turn is 
revolved 15 times per second between the poles of a field magnet 
having a magnetic flux of 500,000 lines, what E. M. F. is induced in the 
armature ? 

Ans. Since each half of the coil cuts the flux twice in each revolu- 
tion, the number of lines cut per revolution is 2,000,000. The lines cut 
per second is therefore 30,000,000. Since i volt equals 10® C. G. S. 
units of E. M. F., the E. M. F. generated is .3 volt. 

3. A drum armature of a direct-current dynamo has 36 coils with 
4 turns each. If when rotated with a speed of 2000 revolutions per 
minute it is to develop an E.M. F. of 150 volts, what must be the 
magnetic flux of the field magnet ? 

Ans. The two sides of a drum armature are connected to the 
brushes in parallel, hence the E. M. F. = [J • (144 x 2 x m^ x iV)] 
-f- 1 0^= 150 volts. A^= 3,125,000 lines. 

4. The E. M. F. of a series direct-current dynamo is 125 volts. The 
armature resistance is i ohm, the series field-coil resistance is 2.5 ohms, 
and the terminals of the dynamo are connected by 20 lamps in parallel, 
each having a resistance of 240 ohms, (a) If a voltmeter were con- 
nected across the terminals of the dynamo, what would be its reading ? 
(d) What current flows through the armature ? (c) What current flows 
through the field coil ? (d) What current flows through each lamp ? 

^ ( (a) 96.8 volts. (c) 8.06 amp. 

5. The E. M.F. of a shunt direct-current dynamo is 125 volts. The 
armature resistance is i ohm, the shunt field resistance is 200 ohms, and 
the terminals of the dynamo are connected by 20 lamps in parallel, each 
having a resistance of 240 ohms, (a) If a voltmeter were connected 
across the terminals of the dynamo, what would be its reading ? 
(d) What current flows through the armature ? (c) What current flows 
through the field coil ? (d) What current flows through each lamp ? 

AnsA^^^ 114.85 volts. (c) .574 amp. 

\(p) 10.15 ^n^P» (^) 478 amp. 



CHAPTER XX 
PRACTICAL APPLICATIONS OF BLBCTRICITY 

439. Electric Motor. — An electric motor is a machine 
constructed like a dynamo with field magnet, armature, 
commutator, and brushes, the armature of which revolves 
when a sufficiently strong electric current is passed through 
the field coils and the armature. 

In this machine electrical energy is transformed into 
mechanical energy, while in a dynamo mechanical energy 
is transformed into electrical energy. In other words, the 
intake of a motor is electrical energy, and its output 
is mechanical energy ; while the intake of a dynamo is 
mechanical energy, and its output is electrical energy. 

If a shunt dynamo, G^ is driven by a steam engine or 
other prime mover, and if the current from this dynamo is 
led into the field coils and armature of a similar machine, M^ 
as shown in Fig. 226, the current will make the right side 
of the field magnet of iW an N pole and the left side an S 
pole. By using the right-hand rule for electro-magnets with 
the current in the armature, it is seen that an N pole is 
produced at the lower extremity of the vertical diameter of 
the armature, and an S pole at the upper extremity. By the 
mutual action of the poles of the field magnet and the poles 
of the armature, it is evident that there is a system of forces 
acting which will rotate the armature clockwise, and if the 
dynamo is placed so that its field poles are in reverse order 
to those of the motor its armature must also be revolved 
clockwise in order to produce a current in the same direc- 
tion as that in the motor. 

330 
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The attractions of the unlike poles of field and armature 
constitute a mechanical couple whose effect is to produce 
rotation. Likewise the repulsions of the like poles of field 
and armature constitute a similar couple whose effect is 
rotation in the same direction. 

As coil I in the motor armature moves into the position 
of coil 4, the current in it reverses ; likewise with coil 3 as 
it moves to the position of coil 2. Hence the N pole of 

G M 




Fig. 226. 

the armature continues to be at the upper extremity of the 
vertical diameter of the armature; or, as the armature 
revolves, its poles do not revolve with it ; therefore the 
tendency for rotation continues to exist. 

If, however, the armature is of the drum type as shown 
in Fig. 222 or Fig. 253, the formation of these poles in the 
armature is not so apparent. In § 422 it was shown that 
if in a conductor in front of the N pole of a field magnet 
a current is sent in a direction toward you, the lines of 
force due to the field magnet reenforce those on the upper 
side and oppose those on the under side of this conductor 
due to the current in i't. This difference tends to move the 
conductor downward in front of the N pole. Similarly in 
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the conductor in the other side of the armature in front of 
the S pole where the current flows away from you, this 
reaction of the magnetic field of the conductor and of the 
field magnet tends to move the conductor up in front of 
the S pole. It is this mechanical drag of the field magnet 
on the conductors of the drum armature of a motor that 
produces its rotation. 

440. Speed of Electric Motor. — A constant force acting 
upon a body produces accelerated speed, so that under the 
continued action of the poles of field and armature the 
armature revolves faster and faster until brought to uniform 
speed, for the following reason : — 

The field magnet causes a magnetic flux through the arma- 
ture, and the coils of the armature as it revolves cut these 
lines of force, and there is consequently generated in them, 
just as in a dynamo, an E. M. F., which by the three-finger 
rule is found to be opposite in direction to the driving cur- 
rent in the armature. This counter electro-motive force op- 
poses the flow of current in the armature. As the armature 
revolves faster, this counter E. M. F. continues to increase 
until, even if there were no load on the motor pulley and no 
frictional resistance in its bearings, the counter E. M. F. 
would come to equal the driving E. M. F., and no current 
would flow in the motor. The forces being in equilibrium, 
the motion of the motor would continue uniform at the 
high speed necessary to make the counter E. M. F. equal 
to the driving E. M. F. 

As the load on the motor pulley increases, the speed of 
the armature slackens. This will decrease the counter 
E. M. F., and the driving E. M. F. then being the greater, 
will send sufficient current into the motor to rotate the 
armature against this additional load. 
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The ability of the armature to rotate against a given 
mechanical resistance, i.e. the rate of work the motor is 
capable of, depends both on the mutual attraction and 
mutual repulsion of the poles of the field and of the arma- 
ture and on the speed of the armature. The mutual force 
of the poles depends on the current C in the armature and 
field, and the counter E. M. F., E^ depends on the speed 
of the armature for a given strength of field. Hence the 
output of the motor is the product EjC. The energy 
supplied by the dynamo to the motor, or its intake, equals 
the driving E. M. F., -fi"^, times the current C, or Ej^C. The 
efficiency of the motor is EjjC\ EjjC^ E^^'.Ej^ As the 
counter E. M. F., Ej^y decreases, the current, C, increases, 
and the product ^jjC is a maximum when Eji is one half of 
Ej, ; that is, a motor performs the greatest quantity of work 
per second when the counter E. M. F. developed in it is 
one half of the driving E. M. F. of the dynamo. 

441. Magnetic Drag in a I>ynamo. — Referring back to 
the series-wound dynamo in § 435, it will be noticed that 
the current produced in the armature is in- such a direc- 
tion as would form an S pole at the lower extremity, 
and an N pole at the upper extremity of the vertical diam- 
eter of the armature. The mutual action of these poles 
and of the field-magnet poles would tend to rotate the arma- " 
ture in an opposite direction to which it is being revolved 
to generate in it the indicated E. M. F. This magnetic 
action constitutes what is called magnetic drag, and it is in 
overcoming this drag that the mechanical energy supplied 
at the armature pulley is transformed into electrical energy. 
That this drag exists may be experienced by turning the 
armature of a small hand dynamo, first when the external 
circuit is open, and then when it is closed. The great 
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resistance offered to being turned in the latter instance is 
sufficient evidence of the existence of a magnetic opposi- 
tion to the rotation. 

It is evident also that as the external resistance grows 
less, the greater becomes the current passing through the 
armature, and the more powerful do its poles become; 
hence the greater becomes the magnetic drag, and the 
greater the mechanical energy necessary to be supplied at 
the armature pulley to produce rotation. Consequently 
the greater the output of the dynamo in electrical en- 
ergy, the greater must be its intake of mechanical energy. 
It is evident also that the efficiency of a dynamo, or 

From ^^® ^^^^^ ^^ ^^S ®^^" 

r Battery p^^ of energy to its in- 
take, can never become 
1 00%, for some of the 
mechanical energy is • 
expended in overcom- 
ing the frictional resis- 
tance at the bearings 
of the armature shaft 
and in churning the 
air in the interpolar 
space. Also, a certain 
amount of the electrical 
energy produced is trans- 
formed into heat within 
the armature and field 
coils as a current is forced 
through them. The heat 
produced by an electric 
current flowing through a wire is .24 C^Rt calories ; hence 
this loss of energy in the dynamo increases as the square 
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of the current produced, the internal resistance, H, of the 
dynamo being constant. 



442. Electric Bell. — An electric bell consists of an elec- 
tro-magnet MM' (Fig. 227 a and i) in front of whose poles 
is a soft iron armature pivoted so as to be free to move 
toward the poles. The clapper of the bell is fastened to 
the armature and moves with it. In 
contact with the armature when at rest 
is a platinum-tipped screw S. The 
spring 7" is adjusted so that its tension 
is sufficient to keep the armature in 
contact with S when no current is flow- 
ing around the electro-magnet coils. 
When the push button is pressed, the 
current from the battery enters the bell 
at one binding post (say B), passes to 
the armature support, and along the 
armature to screw S, thence through 
screw 5 to its support which is con- 
nected with the electro-magnet coils. 
After the current passes through these coils it leaves the 
bell at the other binding post A and returns to the- battery 
through the connecting wires and push button. This 
current energizes the magnet which by attracting the arma- 
ture causes the clapper to strike the gong. As soon, how- 
ever, as the armature moves toward the poles it is no longer 
in contact with screw S and the circuit is broken. The 
magnet then ceases to attract the armature and spring T 
brings it back again into contact with screw S, when the 
operation is repeated so long as the push button is being 
pressed. 

If the wire from the battery, instead of being connected 




Fig. 227^. 
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at B^ is joined to the support of screw 5, the circuit is not 
broken when the magnet attracts the armature and the 
gong is struck but the once, the armature being released 
only at the will of the operator. A bell so connected may 
be called a single-stroke bell in distinction from the " clat- 
ter '* bell as it is ordinarily connected. Such a bell is used 
in fire-alarm circuits. 
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443. Electric Bell Circuits. — In Fig. 228 are shown 
electric bell circuits : (a) of one bell in circuit with a push 
button and a battery ; (d) of two bells in circuit with one 
push button and a battery so that both bells ring when 
contact is made at the button ; {c) of two bells, two push 
buttons, and a battery so that but one bell is rung when 
each button is pushed ; (d) of one bell, two buttons, and a 
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battery so that the bell* may be rung by pressing either 
button. 



t A 



444. Electric Telegraph. — A tel- 
egraph instrument consists of two 
parts: the transmitter or the key^ 
and the receiver or the sounder. 
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Fig. 229 a. 



Figure 229 ^ and * is 




Fig. 229^. 

by the base B but 
insulated from it 
by rubber washers. 
The wires leading 
to the key connect 
with the base ^ and 
with the platinum 
tip ^2 as shown. 5 
is a switch which, 
if pushed over 
against Q, short circuits 
the key. 

In Fig. 230 a, b, 
is shown a telegraph 
sounder which consists 
of an electro-magnet M 
over which is a metal 
lever B to which is at- 
tached at a point directly 



a diagram of a telegraph key 
which consists of a metal 
lever A supported at ful- 
crum /. Ci and Cg are 
two platinum tips, C^ being 
attached to the lever A 
and Cg being supported 
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Fig. 230 a. 
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over the magnet the armature A; consisting of a piece of 
soft iron. The lever is supported by R at the fulcrum /. 
5 is a spiral spring. When current flows through the 
electro-magnet M, the armature A is attracted, drawing 
the lever B down so that it strikes against the metal pro- 
jecting piece H with a clicking sound. When the circuit is 
broken, the magnet releases A and the spring 5 pulls the 
lever up causing the end to strike against the upper side of 
the notch, making a similar click. According as the inter- 
val between these two clicks, one on closing, the other on 
opening the circuit, is short or long, the signal is considered 
a dot or a dash, combinations of which make up the tele- 
graphic code. 

Figure 231 shows the connection of two simple telegraph 

Ai 1 » A, 

B 

* IHHH^i ^ ' 



Fig. 231. 

instruments in circuit with a battery. The return wire GZ 
may be eliminated by connecting both of these points to 
the earth which then acts as the return conductor. 

In order that an operator at A may be able to telegraph 
signals to an operator at B, the key at B must be short 
circuited by closing its switch or by holding the lever 
down ; the circuit is then under the complete control of the 
operator at A, and both the sounder at A and that at B 
respond to hi's interruptions of the current in the circuit. 

445. Telegraph Relay. — If the distance between stations 
A and B is great, the resistance of the long line wire 
diminishes the current so much that it will not energize 



PRACTICAL APPLICATIONS OF ELECTRICITY 339 



Live Wire 




232 a. 



the magnets of the sounder sufficiently to move the lever 
. and give the signals. To obviate this difficulty a re/ay is 

employed. A relay is • ^ r... «.... > 

2L delicately adjusted 
electro-magnet which 
when energized at- 
tracts its armature A 
and thus closes the 
circuit at points i and 
c o/a local battery B*^ 
(Fig. 232) through 
the sounder 5. The 
armature -^ is of 
small mass and easily 
moved, so that the 
weak current coming 
in through the line wire when passed many thousands of 
times around its iron core magnetizes it sufficiently to 

move A, 

446. Electric Tele- 
phone. — A telephone 
consists of two parts: 
the receiver and the 
transmitter. 
The receiver, shown in Fig. 233, consists of a permanent 

steel magnet A^ around 
one pole of which is 
wound a coil B of fine 
insulated wire, the ter- 
minals of which are the 
binding posts M and N, 
Within the earpiece C, close to but not touching the mag- 
net, is a thin iron diaphragm E, 




Fig. 2323. 
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Fig. 234. 



The transmitter (¥\g. 234) consists of a mouthpiece, A, 
one end of which is closed by a thin diaphragm, rf, which 
is connected at the center of its interior surface to a small 
insulated metallic disk, forming the cover of a small box, B, 
containing carbon granules. The insulated disk is connected 
to one pole of the battery in the primary circuit, P. The 
bottom of this box is a metallic plate connected to a wire 
- i'8 from one terminal of the primary, P^ of 
an induction coil, PSy the other termi- 
nal of which is connected to the other 
pole of the battery. Any agitation of 
the carbon granules in this box varies 
the resistance between the disks con- 
stituting the top and bottom of this box, 
and thus varies the%. current in the pri- 
mary circuit. The agitation of the carbon granules, caused 
by sound waves proceeding from a speaker's mouth at A 
and impinging on the diaphragm at the end of the mouth- 
piece, varies the primary circuit, and consequently an in- 
duced E. M. F. is generated in the secondary coil which 
is connected through 
the receiver with the 
line wire. The cur- 
rent produced by this 
induced E. M. F. 
passes through the 
coil of wire around 
the magnet in ^'s re- 
ceiver and strength- 
ens or weakens that 
pole, according to its 
direction. ^^g- «3S. 

With a changing strength of pole the iron diaphragm of 
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the earpiece moves back and forth in exactly the same 
manner as the diaphragm of the transmitter is made to 
vibrate by the sound waves produced by the voice. Hence 
the effect on the ear is as if one were speaking directly 
into it. The connections of a telephone circuit of two sets 
of instruments are shown in Fig. 235. 

447. Wireless Telegraph. — Tl^e action of this form of 
telegraph depends upon the following facts: (i) that the 
discharge of a high-tension spark coil is oscillatpry, /.^. 
surges to and fro; (2) that if a tall conducting mast is 
connected with one terminal of the secondary coil, the 
electric oscillations in this mast will form ether waves 
which radiate in all directions. The length of these waves 
is much greater than of those which produce a miaximum 
effect of heat or of light. These electric waves, called 
Hertz waves, from the scientist who first made ja thorough 
investigation as to their character, reproduce electric oscil- 
lations in a similar mast located at a distance. Connected 
in circuit with this receiving mast is a tube of metal filings 
which, by the effect of these electric oscillations, changes 
from an electrical conductor of high resistance to one 
of low resistance. If this tube of filings, called a coherer^ 
is also connected in circuit with a battery and .a tele- 
graph sounder, at the instant the electric oscillations 
make it conducting, the current from the battery passes 
through it and through the sounder, and the armature of 
the sounder being attracted, the usual click is heard. In 
circuit with the sounder is also a decoherer, which may be 
an electric bell with the coherer placed in the position of 
the gong, so that the instant the current passes through 
the coherer it also passes through the electro-magnet of the 
decoherer causing the clapper to strike the coherer, whose 
filings are disarranged by the blow. The tube is thus 
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once more made practically nonconducting, and the arma- 
ture of the sounder is consequently released, giving the 
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Fig. 236 a. 



usual return click. A diagram of a wireless telegraph set 
up for use in the laboratory where, on account of the short 
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distance and absence of obstructions, no high mast is 
needed, is given in Fig. 236 a, I is the spark coil, K is 
the key, in the primary circuit, controlling the interval 
during which the sparks shall occur between the knobs 
connected with the secondary coil, and* G is the generator 
in the primary circuit. The receiving instruments are rep- 
resented in Fig. 236 b : the coherer C, the decoherer D^ the 
relay 7?, the sounder 5, and the batteries B-^ and B^ for 
energizing the electro-magnet of the relay and sounder 
respectively. 

This is called a wireless telegraph because no wires 
connect the transmitting and receiving instruments, the 
latter being actuated by ether waves generated by the 
oscillatory discharge of the spark coil. 



448. Electric Lamp. — The consti:uction of an incandes- 
cent electric lamp is shown in Fig. 237. The fine carbon 
filament e, placed within the glass bulb 
J, from which the air has been ex- 
hausted, is connected at one end with 
the outer threaded brass casing d at 
the lower end of the bulb; the other 
end of the filament is connected with 
the small metal plug g, which is in- 
sulated from the brass casing by 
the filling in of the intervening space 
with nonconducting cement. When 
the brass casing of the bulb is screwed 
into the key socket, as shown, electrical 
contact is made between the threaded 
portion of the bulb and that of the 
socket, and also between the metal plug 
g and the metal tongue hy which is fig. 237. 
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insulated by a sheet of mica from other parts of the socket 
except screw /, with which it is connected. If the key x is 
turned so that the metal piece b is touching the part c of 
the socket, a current entering at a flows to b^ to c^ to d^ 
through e, to /, to g, to A, through i to the metal support 
connecting it with the screw, and out. If the key x be 
turned at right angles to its indicated position, it turns the 
part b around so that it is no longer in contact with c and 
the circuit is broken. 

The filament ^ is a very thin piece of carbon, which is 
infusible and a conductor of high resistance ; the length of 
the filament is so adjusted that when the lamp is connected 
to the points a and /, between which there is a P. D. of 
no volts, the current flowing through the filament will be 
sufficient to raise its temperature to white heat, thus giving 
as much light as is compatible with a fairly long life of 
the lamp. The heat produced by a current passing through 
a wire is .24 C^Rt calories. If the current in a lamp is 
\ amp. and its resistance is- 220 ohms, the heat produced 
per second = .24 x ^ x 220 = 13.2 calories. This heat 
equals the quantity of energy radiated by the incandes- 
cent filament per second in order that its temperature 
shall remain constant at the point of incandescence. The 
air is exhausted from the bulb to prevent combustion of 
the filament when heated. 

449. Wiring for Lamp Circuits. — In incandescent lamp 

4.;.a^ , circuits (Fig. 238) 

the P. D. of the 
main wires, ox leads ^ 
is kept fairly con- 
stant at no to 115 
Fig. 238. volts. Since each 
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Fig. 239. 



lamp requires that much P. D. to make it incandescent, 
the lamps must be connected in parallel, as shown in Fig. 
238. The current flowing through each lamp is indepen- 
dent of that flowing through the others, since the P. D. of 
the leads is kept constant by an adjustment of the gener- 
ator in the power house. 

In order to economize in the quantity of copper wire 
needed for a given installation of lamps, the three-wire 
system may be 
used. In this sys- 
tem (Fig. 239) 

two IIG-VOlt 

generators are 
joined in series, 
and therefore, 
between the two 
outer leads, A 
and C there is a P. D. of 220 volts. The intermediate lead 
B is joined at m to the wire which connects the two gen- 
erators, G^ and G^, in series. When there are the same 
number of lamps between the leads A and B as between 
B and C, there is no current flowing in the wire B^ since 
there is no P. D. between m and n (the resistance A-B = 
resistance B-C, and the internal resistance G^ = internal 
resistance G^. If, however, the number of lamps between 
B and C is greater than that between A and B^ the poten- 
tial of m is lowered, and enough current flows in the wire 
to furnish that required for the excess of the lamps and to 
keep the potential of m midway between that of A and C, 

The wire B may be made smaller than either A or C, 
since it carries only the difference between the currents in 
these wires. 

460. Arc Lamp. — In Fig. 240 is shown an electric arc 
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lamp with a mechanism for its automatic control. If the 
carbons are not in contact the current entering at one of 
the lamp terminals cannot flow from carbon e to carbon 
/ and out through the coil C^ so it flows through the shunt 
circuit Cg, which is a sucking coil. This draws up its iron 
core «, pulling up that end of lever / to which the iron core 
is attached, and loosens the clutch c on the upper carbon 
carrier, which then, by its own weight, moves down until 

the carbons come in contact. 
At this instant, the circuit being 
complete through the carbons 
and the second sucking coil C\, 
whose resistance is much less 
than that of the shunt coil C 




2» 



the greater part of the current 
flows through the sucking coil 
Cjand causes its iron core «\ to 
which the upper carbon carrier 
is attached, to be drawn up into 
the coil, slightly separating the 
carbons, thus " striking the arc." 
On account of the resistance of 
this arc, the points of the car- 
bons are heated to incandes- 
cence, and the gases and solid 
particles moving across the space 
between the carbon points are also rendered luminous. 
As the current continues to flow from the -f carbon e to 
the — carbon /, the carbons wear away by their combustion 
with the oxygen of the air, the -f carbon wearing away about 
twice as fast as the —carbon. This increases the space 
between e and /, and thereby lengthens the arc. Length- 
ening the arc increases the resistance of the circuit through 
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coil Ci, and causes more of the current to flow through the 
shunt coil Cj until the coil is able to draw up its core n, 
and by means of lever / loosen the clutch r, allowing the 
carbon carrier to move down by its own weight, thus short- 
ening the arc and reducing its resistance to a normal value. 

Arc lamps are usually used in connection with alter- 
nating current generators, the E. M. F. of the circuit often 
being as high as 3(XX) volts. Since the P. D. necessary 
at the terminals of each lamp is but 50 volts, arc lamps 
are usually connected in series, each lamp having an auto- 
matic cutout that short-circuits the lamp whenever it is 
not in working condition, thus preventing the breaking 
the circuit through the other lamps in the circuit. 

In a more recent type of lamp, the carbons are inclosed 
in a tight-fitting globe so that there is no free access of air. 
The combustion of the carbons being then slower, the 
carbons need to be renewed only every two or three days 
instead of every day, as is necessary in the ordinary arc 
lamp. These inclosed arc lamps are commonly so con- 
structed as to require a P. D. at their terminals of no 
volts, and are connected in parallel with the ordinary no- 
volt direct-current leads, in the same way as incandescent 
lamps are arranged. 

Illustration. — Electric power for lamp or motor installa- 
tions is purchased from power stations at a price varying 
from 5 to 1 5 cents per kilowatt-hour. 

If a lamp or motor expends electric energy at the rate 
of a kilowatt for the period of an hour, the total electric 
energy expended is a kilowatt-hour. 

For instance, an ordinary incandescent lamp with a P. D. of no volts 
at its terminals carries a current of about J amp. The electric power 
EC = no X J = 55 watts = .055 kilowatt. If this lamp is used for an 
hour, the energy expended is .055 kilowatt-hour. At 15 cents per kilo- 
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watt-hour, the cost of using the lamp for one hour is .055 x 15 = .825 
cents. 

If the P. D. at the terminals of a street-car motor is 500 volts, and 
if a 20 amp. current flows through it, the expenditure of energy is 
500 X 20 = 10,000 watts = 10 kilowatts. At 5 cents per kilowatt-hour, 
it would cost 50 cents to run the motor for i hour. 

PROBLEMS 

1 . A 30 horse-power engine drives a dynamo ; if the dynamo gives 
out 90% of its intake of energy, how many kilowatts does it develop? 

Ans. 20.142 kw. 

2. An elevator weighing 2 metric tons (2 x 1000 kgm.) is to be 
lifted at the rate of 5 meters per second. If the output of the driving 
motor is 80% of its intake of energy : (a) How many kilowatts must 
be supplied to the motor ? (d) How many joules of work must it do 
per second ? Ans. (a) 24.5 kw. (d) 19600 joules per second. 

3. The resistance of the line wire leading from a dynamo to a given 
installation of lamps is .05 ohm. If the current delivered to the lamps 
is 200 amp. : (a) What is the loss of power in the transmission ? 
(d) What is the drop in voltage between the dynamo and the lamps ? 

Ans, (a) 2 kw. (d) 10 volts. 
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451. Standard Fortin Barometer. — A standard mercurial cistern 
barometer consists of the mercurial barometer constructed as 
described in § 70, inclosed in a metal tube that serves not only as 
a silpport and protector of the glass tube, but also to carry the 
scale by which the height of the mercury in the tube is read. 

The bottom of the cistern is made of flexible leather and 
against the bottom presses a screw, A (Fig. 21 b), by the adjust- 
ment of which the level of the mercury in the cistern may be 
raised or lowered. The zero of the scale, 5, fixed on the outside 
tube is the point, O, of the ivory pin which projects downward 
from the roof of the cistern. 

To read the barometer, first adjust the screw. A; at the bottom 
of the cistern until the mercury surface in the cistern just touches 
the point, O, of the ivory pin ; then the reading of the scale, 5, on 
a level with the surface of the mercury in the tube is the height 
of the mercury in the tube above the surface of the mercury in 
the cistern. To obtain this reading on the scale, S, first raise or 
lower by means of a screw, By on the side of the tube, the sliding 
vernier scale, V, until its lower or zero edge is tangent to the 
convex mercury surface in the tube. The position of this lower 
edge of the vernier scale on the fixed scale is next to be deter- 
mined. Read the nearest whole number of inches on the scale> S, 
below this vernier scale, then the number of tenths and twentieths 
of an inch between this inch division and the lower edge of the 
vernier. If the zero edge of the vernier does not coincide exactly 
with any twentieth of an inch division, th€ fraction of the twentieth 
division remaining to be found is determined in the following 
manner : The vernier scale (Fig. 241) consists of 25 divisions 
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which are equivalent to 24 twentieths of an inch division of scale, S; 
consequently each vernier division is ^^ of -^ or -^ in. shorter 
than each twentieth inch division. -^ in. =..002 in. 

Look along the vernier scale and find which of its divisions 
coincides exactly with one of the twentieth of an inch divisions of 
scale, 5. Suppose, for instance, it is the 7 th vernier division. 
Then the 6th division is .002 in. above the twentieth 
division on scale, S, next below it ; the 5 th division 
is. 004 in. above the next twentieth division, the 
4th division .006 inch above, and so on, the zero 
division being .014 in. above the next twentieth 
division below it. 

If, for example, the whole number of inches read 
is 29, the nearest number of tenths below the ver- 
nier, 9, the number of twentieths, o, and the 7th 
vernier division is the coinciding division, the 
height of the mercury in the tube is 29 -f .90 -f .014 
= 29.914 in. 

If the fixed scale, S, is graduated in centimeters 
and millimeters, the vernier scale (Fig. 241) is con- 
structed so that 10 vernier divisions equal 9 milli- 
meter divisions or i vernier division = .9 mm. 

Then each vernier division is .1 mm. = .01 cm. 
shorter than a millimeter division. 

If the position of the vernier scale is as shown 
in the diagram, the height of the barometer is 75 + 
.9 -h.06 = 75.96 cm. ; because the 6th vernier divi- 
sion is the coinciding division, and as each vernier division falls 
.01 cm. short of the millimeter division next below it, the zero 
division of the vernier scale is .01 X .6 = .06 cm. above the nearest 
millimeter division below. 
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Fig. 241. 



452. Determination of Pressure in Air-Pump Receiver. — If 
the volume of the receiver, R, is 2000 cc. and the volume of the 
pump cylinder. A, when the piston is at the top of the barrel is 
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1000 cc, at the end of the first upstroke, the 2000 cc. of air 
in R has expanded to fill the joint space R-^-A, which is 3000 cc, 
the pressure is, by Boyle's law, reduced to f of an atmosphere. 
At the end of the second upstroke the 2000 cc. of air which was 
left in R under a pressure of f of an atmosphere has again ex- 
panded to 3000 cc, thus reducing the pressure to | of f or ^ of 
an atmosphere. At the end of each stroke the pressure will be | 
of that at the end of the preceding stroke. 

Stated . in general terms, if V^ = the volume of the receiver, R, 
^=the maximum volume of space, Ay at the end of the ist 

y 
stroke th^ pressure in i^ = -— — ^^— of an atmosphere ; at the end 

V V f V \^ 
of the 2d stroke, the pressure is — — ^ — of ^ — =( ^ — ) 

of I atmosphere; at the end of the 3d stroke the pressure in 
-/?=(-- — =^) of I atmosphere; at the end of the «th stroke, 
the pressure =( ^ ^ i/ i ^^^ atmosphere. 

453. The Sine of an Angle. — The problem of the derrick, § 108, 

can be more readily solved by mak- ^" 
ing use of the following property of 

right triangles. ^^y^ 

If from points A, A\ A" (Fig. Ay^\ 

242), in one side of a given angle, y\ \ 

X, the perpendiculars AB^ A'B', y^ \ \ 

A"B", are drawn upon the other ^^ j ] 

side; since the AOAB, OA' B^, o b B' 

OA"B'* are similar. Fig. 242. 

AB A'B' A"B" 

— i- = ^1±L = _ = a constant ratio for the same angle, x, 

OA OA' OA" 

The name of this ratio is the sine of the. ^x. The sine of 
an angle is therefore the ratio of the length of the perpendicular 
drawn from one side of the angle upon the other to the length of 
the hypotenuse of the right triangle thus formed. 
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The values of the sines of angles from o® to 90** are to be found 
in the table given in the appendix. 

The sine of the :^AOB (Fig. 243) = ^. 

OD 

^EK 

OE 

^FL '■ 
OF 

OF 
It is seen from the last two values 
given that the sine of an obtuse 
angle, such as FOB, is the same as 
the sine of is supplement, FOL. If 
it is required in solving a triangle to 
know the sine of an obtuse angle, 
say 130®, look in the table of sines 
for the sine of its supplement, 50®. 

454. Cosine of an Angle. — In the A OAB (Fig. 243)^ 



The sine of the ^ DOH 
The sine of the ^EOK 
The sine of the ^ FOB 
The sine of the ^ FOL 




OB 



OA 



= the sine of ^ A OB, and ^ = the sine of ^ OAB. But OAB 

OB 

is the complement of A OB : therefore — — is called the cosine of 

I : *^ OA 

AOB, /.^. the sine of the complement of A OB. 
455. Solution of the Derrick Problem by Sines. — Returning to 

the problem of the derrick it is seen that — - =the sine of 30". 

BR 
From the table of sines the sine of 30** = .500. Also -— = the 

sine of 60**. From the table of sines, sine 60" = .866, 

2 tons oz:^ nc 2 

^^ = .866, or ie^ = _= 2.309. 



BS 
2.309 



= .500, or BS = 2.309 X .5 = 1. 1 5 tons. 
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456. Two Propositions for the Solution of Triangles. — The 

following two propositions will be found extremely useful in solving 
triangles. 

I. Any two sides of a triangle are to each other as the sines of 
the opposite angles. 

II. The square of any side of a triangle equals the sum of the 
squares of the other two sides, ± twice their product times the 
cosine of the angle included by them (+, if the included angle is 
obtuse ; — , if acute). 

Proof of Prop. L, — To prove BC : -^C=sine A : sine B. 
Draw CZ> ± to AB. 



CD 



= sine ^ A 




AC 

CI> = AC -sine A 

^=smeXB. 
BC ^ 

CD = BC -sine B. 

.'.AC * sine A = BC • sine B, 

OT BC : AC= sine A : sine B. (If the product of two quantities 
equals the product of two other quantities, either two may be the 
means or extremes of a proportion.) q.e.d. 

Proof of Prop. II. 

{a) To prove AB'^AC^-^-BC 
-1-2 • AC* BC • cosine ACB. 
Draw BD L to AC produced. 
AB'^iAC + Cny-^BD', 

B& = BC^-C&. 
.\AB'^AC^^C&'\'2AC'CD^-BC''-Cn^ 
= AC^-^BC^+2AC ' CD. 

— = sine X CBD = cosine XBCD = cosine A CB, 
BC ^ ^ 




354 



APPENDIX 



or CD=BC -cosine. A CB. 

.\AB' = AC*'\-BC^+2AC'BC'CosmeACB. 



Q.E.D. 



or 



(d) To prove AB' = AC^ + BC- 2 - AC - BC - cos ACB. 
Draw BZ> ± to AC. 

AB' = {AC^CDy + B&, 
B& = BC^-C&. 
.-. AB^=^AC*'\-CD --2 AC 'CD 
-\-BC-C^ 
= AC^'\-BC -2 AC-CD. 

^ = sine CBD = cosine ACB, 

BC '■ 

CD^BC- cosine A CB. 




AS' = AC^'\-Ba^2-AC'BC'CosACB. 



Q.E.D. 



The problem of the derrick may be solved very simply by means of Prop. I. 
BS I BR:= sine 30° : sine 60°, 
or BS : 2 tons = .500 : .866. 

457. Equilibrium of Any Number of Concurrent Forces. — Let a 
body, M, be in equilibrium under the action of any number of 
forces, A, By C, Z>, and E, Starting from 
any point o (Fig. 246^) draw a line op 
representing force A 
in magnitude and di- 
rection, and from / a 
line pq representing 
force By and from q a 
line qr representing 
force Cy and similarly 
Fig. 246. b the lines rs and so rep- 

resenting forces D and E \ then a closed polygon is formed. 
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The resultant of op 2sApq is the diagonal oq\ the resultant of 
the diagonal oq and the force qr is the diagonal or, and this diago- 
nal forms with forces rs and so a triangle with sides taken in order, 
hence represents a state of equilibrium according to the principle 
of the triangle of forces. 

Hence, in general, any number of concurrent forces in equilib- 
rium may be represented by the sides of a closed polygon taken 
in order. 

458. Equilibrium of Parallel Forces a Special Case of Con- 
current ^Forces. — From experimental results it has been shown 
that as the angle between two 

'\B 



forces, A and B, of three 
forces in equilibrium grows 
less, the more nearly does 
the sum of A and B equal 
their equilibrant C, and that 
in the limit when the angle 
is zero, 'A-\-B-= C. 

Suppose that a body is 
acted upon by two parallel 
forces A and B in the same 
direction, as shown in Fig. 









lt/\ 



/h 



/ 



A 



Fig. 247. 



247, applied at points h and k respectively, and if at point h a. 
force X is applied and at point k, a force X^ equal in magnitude, 
but opposite in direction, the addition of these two forces will 
not affect the joint effect of A and B, for JsT and X' neutralize 
each other. 

The resultant of forces A and X is the force /^ represented by 
the diagonal hw. The resultant of forces B and X' is the force 
Id' represented by the diagonal ky. 

The lines of direction of -^ and -/?' meet at m. From this point 
lay off mt equal to Id and ms equal to Id' ; then the diagonal mp 
represents their resultant. Draw the line sn parallel to force X' ; 
then ns and nin are the original components of ^', viz, X' sind B. 
Similarly, sn and np are the original components of ^, viz, X and A. 
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Since the resultant of X and X^ is zero, this diagonal mp, or 
force C*, must represent the resultant of forces A and B, and can 
be proved equal to their sum. For Jk tnsn and kBy are equal ; 
therefore, mn equals force B ; also, A snp and A-^w are equal ; 
therefore, np equals force A. Therefore, 

A -\- B := mn -\- np = mp =^ force C 
A /»/ij and ^Z^ are similar ; therefore, 
mn\ ns — ml : kl (i). 

A ;{j;^ and mlh are similar ; therefore, 
np : ns^ml: hi (2). 

From equation (i) 

^;i . kl= ns • /«/. 

From (2) np' hl=ns • ml. 

Therefore, mn* kl=^np - hi. 

But mn = force B and «/ = force A, 

Therefore, B - kl= A • hi, 

A:B = kl:hl, 



or 



IPv^ h 



\ 



\ 



\\ 



Fig. 248. 



\t 



Hence, the point /, where 
the diagonal mp cuts the line 
hk, is the point of application 
of force C, the resultant of 
forces A and B, and is so situ- 
ated that the magnitudes of 
the forces A and B are in- 
versely proportional to their 
distances from it. 

If the two parallel forces A 
and B are in opposite direc- 
tions, as shown in Fig. 248, 
and if two equal and opposite 
forces X and AT' are applied 
respectively at points h and h, 
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the line of direction of the resultant R of forces A and X meets 
the line of direction of the resultant R^ of forces B and X^ at the 
point m. From this point lay off tnt representing R and ms rep- 
resenting R^ ; then the diagonal mp is their resultant. The forces 
X and X^ being equal and opposite have a zero resultant ; hence, 
mp or force C is the resultant of A and B^ and can be proved to 
equal their difference. 

Draw line sn parallel to force X. Then sn and np are the origi- 
nal components oi sp = mt = R, and therefore equal X and A 
respectively ; and ns and mn are the original components of R\ 
and therefore equal X^ and B respectively. 

But mp = np — mn. 

Therefore, force C = force A — force B. 

Further, the A nps and Imh are similar. 

.\ ns \np^hl\lm. (i) 

Also, A nms and /w^ are similar. 

.*. ns \nm — kl\ im, (2) 

From (i) and (2), 

ns • im^np • hl=^ nm • kl, 
or np : «»« = kl : ^/, 

but «/ = force A and «;« = force B. 

Therefore A:B==kl:hL 

Hence the point / is the point of application of the resultant C 
of the forces A and B, and is so situated that the magnitudes of 
A and B are inversely proportional to their distances from it. 

Corollary. — If force A = force B and they act in opposite direc- 
tions, the Ah Aw and kBy are equal, and the ^Ahw'=-^Bky, 
Hence R is parallel to R\ their lines of direction will never meet, 
and the r.esultant of A and B is zero. The forces, however, will not 
be in equilibrium, since they are not acting in the same straight 
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line ; consequently rotation will be produced about a point mid- 



hk 
The value of the moment will be -4 • f- 

2 



way between h and k. 

hk 
B ' — = A'kk, since A=sB. 

Such a combination of two equal parallel forces acting in oppo- 
site directions, but not in the same straight line, is called a me- 
chanical couple. The effect of a mechanical couple 
is always to produce rotation, the value of the monxent 
being the product of either force times the distance 
between their points of application, measured per- 
pendicular to the direction of the forces. 




Fig. 249. 



459. The Differential Pulley. — This pulley (Fig. 
249) has a very general use nowadays in raising very 
great masses a short distance. The two sheaves of 
the fixed pulley instead of being of equal radii, as in 
the other pulleys heretofore described, are of slightly 
unequal radii, r^ and f-j. The sheaves arc tMthed 
wheels to avoid slipping, and an endless chain passes around the 
sheaves and hangs in a loop below the movable pulley, as shown 
in the diagram. The tensions of m and of n are each ^ R, The 

moment of tension tn about the axis of the fixed pulley = — x r,. 

The moment of tension n about this axis = — x n. The moment 
of the force F—Fxr^, 

When the pulley is in equilibrium, the moments of F and of 
tension « = the moment of tension /«, 

The difference in the radii of the sheaves of the fixed pulley 
(r^ — ri) can be made very small, making the mechanical advan- 
tage of this pulley very great. 

For example, if r2=8 in., and ri = 7f in., the force F to 

2000(8— 7f) 



support a resistance R equal to i ton (2000 lb.) = 

16 16 "^ * 



8 
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2000 

The mechanical advantage R : F^ — — = 64. 

The distance F moves in one revolution of the fixed pulley 
= 2 irr^. Since the chain winds up on the larger sheave and 
unwinds on the smaller sheave, it winds up 2 irr^ and unwinds 
2 wTi, so that the resistance R rises ^ (2 wrj — 2 irrj) = w(r2 — rj). 

The work done upon the resistance = Rir^r^ — r^. 

The work done by the force F^ F • 2 irrj. 

Since ^= R x '~ \ the work done by the force 
2 rj ' -^ 

/?'= i? . 2 Trr, . ^^^=^ = i?ir (r, - r,), 

which is the same as that done upon the resistance. Therefore, 
neglecting the weight of the chain and pulleys and the friction of 
the bearings, the efficiency is 100%. 

460. Coefficient of Cubical Expansion. — Let a = coefficient of 
linear expansion, then if the temperature of a cube i cm. on a 
side is raised from p" to i** C, each side becomes i + a cm. long, 
and the volume of the cube at 1° C. is (i +a)^= 1+3 a-f-3 a^+o*. 

Since the coefficient a is a very small fraction, e^. .000018, its 
square and cube will be still smaller, e^. .000000000324 and 
.000000000000005832 respectively, hence, in the above expres- 
sion, the last two terms may be neglected and (i +«)* taken as • 
equal to i -f- 3 a. Since 3 a is the increase of unit volume at 
o" C. for a rise in temperature of i**, 3 a is the coefficient of cubical 
expansion, and is 3 times the linear coefficient. 

461. Relation between Conjugate and Principal Focal Distances 
of a Convex Mirror. — To determine the relation between the 
distances of conjugate foci from a convex mirror and its princi- 
pal focal distance. 

Let MN (Fig. 250) be a convex mirror, O the object, /its vir- 
tual image, and C the center of curvature of the mirror. OPzxA 
OQ are two rays from O incident on the mirror. 
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but 



Fig. 250. 

^1 = ^2 (law of reflection). 
^i=^3 + ^4(ext. ^ofA). 
^5 = ^3 -f^6 (ext. ^ of A). 
^6 = ^2 (vert. ^s). 
^6 = ^1 (Ax. i). 

^i = :^3 + :^4. 

^5 = 2-^3 + :^4. 



(I) 



A radian is an angle which at the center of a O is subtended 
by an arc as long as its radius. 

Since the length of the circumference of a circle is 2 ir times as 
long as its radius, the total angle about a point must equal 2 v 
radians. 

2 TT = ULL^ or an angle measured in radians equals the arc of a 
r 

circle which it subtends divided by the radius. 

With C^ /, and O as craiters respectively draw the arcs PQ^ 
SQf and TQ, which if the angle is small, or P is near to Q, may 
be considered equal without making any great error. 
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Therefore, ^5=^,2^3=^,2^4=^- 
Thenbyeq.(x) ' ^ = 1:^2 + ^' 

Dividing through by SQ (= PQ = TQ), 

II 21 

which is the equation for conjugate focal distances for a convex 
mirror. 

462. Relation between Conjugate and Principal Focal Dis- 
tances of a Convex Lens. — In Fig. 251, let Z represent a section 
of half of a double convex lens with C and C as its centers of 




Fig. 251. 

curvature. Let the radii CT and CQ equal I^i and ^2 respec- 
tively. Let O be the luminous point and the path of the 
ray OP be OPS/. ^OP&=^ii, the ist ^ of incidence; 
^SPC' = :fn, the ist ^ of refraction; ^PSC^^h, the 2d ^ 
of incidence ; ^ ISG = ^ r^, the 2d ^ of refraction. The ^s at 
(9, C, C^, and 7 are ^s i, 2, 3, and 4 respectively. Let « be the 
index of refraction from air to glass. The relation between the 
conjugate focal distances, OQ and IT, and the radii of curvature 
of the lens is determined as follows : — 

^/i = ^i + ^3(ext.^ofaA); 
also ^^2 = ^2 + ^4 (ext. ^ ofa A); 

then /i-|-r2= 1 + 2 + 3 + 4. (i) 

sine /'i = « sine r^ and sine r^^n sine i^. 
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If the angles are small, the sines are oc to the angles, and we 
may assume /i = nti and /j = ni^, / 4- 's = «^i 4- «^2« 
Since ^X is common to the two triangles, CXC^ and PSX, 

n4-«2=2 + 3- 
Substituting in eq. (i) «ri + «ii = i + 4 + ri -f- /i, 

or (« - i)(n 4- 4) = I + 4 =(« - i)(2 + 3). (2) 

Draw arcs QAf and TX with (9^ and IT as radii respectively. 

An angle (measured in radians) equals the subtended arc ^ j^ ^j^^ 

angles i, 2, 3, and 4 are very small, these arcs are practically equal. 
Therefore, :^i =-^, ^, = ^, :^3=^, 2^4=,^. , 

Substituting in eq. (2), M+^^^n- i)(^^+^- 
Dividing by QJifi= TK=TS= QP), 

Equation (3) is the general equation for convex lenses. If the 
curvatures of both faces of the lens are equal, -/? = ^', and if the 
index /isf, the equation becomes 

D, D, \2 )\r) 2 R R 

k*ir-R « 

463. PrinciiMd Focal Length. — i. Of a Double Convex Lens. 
Di =/ when the incident rays are parallel or Z?^ = 00. 

Therefore, — + — = -^, or Z?, = ^. This means that when the 
"^ D^ R 

incident rays are parallel, the rays after passing through the lens 
converge at the center of curvature, which is therefore the principal 
focus. 
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2. Of a Piano-Convex Lens. — When one surfece of the lens is 
plane, Ri = <xi and -^ =* o. 

Equation (3) for a plano-convex lens becomes 

If A=oo and « = |, ^7 = - • -B=— B> ^^ Di^2R) i,e. the 
^ D^ 2 R 2R _ 

focal length of a plano-convex lens is equal to twice the radius of 
curvature of the curved face. 

464. Relative Positions of Object and Image. — If D^>2R 
but< oc. — Let D^=^R. 

.*. Z>i^lR; />. the image will be fprmed at a point whose 
distance from the lens < 2 -/? but > r. 

2. Jf D^<2R but >R, Di>2R but <qo. This is the 
converse of i. 

3. If Do — 2 R, D^ — 2R, since— =H ]^ = ^' Cases i, 2, 

2 K 2 K K 

2U)d 3, together with the case where D^ = oo, represent all the 
conditions for the production of real images by lenses. 

4. IfD,<R.—\jt\.D, = \R. 

This means that if the object is placed within the focal length, 
the image distance is negative, Le. on the same side of the 
lens as the object, and the image is virtual. In the above case 
the image is twice as far as the object from the lens and is twice 
as large in each dimension, or the amount of magnification is 2 
diameters. As the object approaches the principal focus, the 
virtual image moves farther from the lens and the amount of 
magnification increases. 
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To illustrate : letZ)„ = |^. 

Since the image is 8 times as far as the object from the lens, the 
magnification is 8 diameters. 

465. Winding of a Drum Armature. — Suppose in Fig. 252 the 
cylindrical core of the armature to have 12 longitudinal grooves 

deep enough to hold two 
layers of wire each. There 
are then 12 segments of 
the commutator, a-m, re- 
spectively. 

To show the winding: 
starting at segment g of 
the commutator the wire 
runs up to 12, then along 
the groove in the core, 
down the rear end to the 
groove in which is wire 6, 
then across the front end 
connecting at segment / 
Running also from seg- 
ment/is the wire leading 
to II, thence around the 
drum to 5, connecting across the front end with segment €. From 
e also to 10, thence around the drum to 4, and then to segment d. 
From d also to 9, thence to 3, and then to segment c. From c 
also to 8, thence to 2, and then to segment d. From d also to 
7, thence to i, and then to segment a. Now there has been 
wound one layer of wire^ in the grooves of the drum. Then a, 
for the second layer, is connected with 18, thence to 24, and then 
to segment m. From m also a wire runs to 17, thence to 23, and 
then to segment /. From / also a wire runs to i6j around the 
drum to 22, and then to segment k. From k also a wire runs to 




FIG. 252. 
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15, around the drum to 21, and then to segment /. From / also a 
wire runs to 14, around the drum to 20, and then to segment h. 
From h also a wire runs to 13, around the drum to 19, and then to 
segment g. Now there have been wound two layers of wire in 
each of the 12 grooves of the drum and these coils are all con- 
nected as shown. The brushes are placed on the segments at the 
end of the vertical diameter of the commutator. 

When the armature is revolved in the direction indicated by the 
large arrow, the E. M. F. induced in those coils on the right moving 
down in front of the N pole has, according to the three-finger rule, 
a direction from the observer, hence the current in the connect- 
ing wires across the front end will be from the commutator as 
shown. The direction of the E. M. F. in the coils on the left moving 
up in front of the S pole will be, by the three-finger rule, toward 
the observer, and will run toward the commutator across the 
front. Since the current in both wires connected with segment g, 
for the given instant represented, is running toward it, the brush 
on g is the + brush. Similarly, the currents in both wires con- 
nected to a are running /r^;» it, hence the brush on a is the 
— brush. 
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466. Table <xf Sines and Tangents 





SiNB 


Tamgbmt 




Sins 


Takowit 


Amglk 


SlKB 


Tancsvht 


o** 


0.000 


OJOOO 


31° 


0.515 


0.601 


61° 


0.875 


iAh 




ojoiy 


ox>i7 


32 


0.530 


0.625 


62 


0.883 


1.881 




0.035 


0.035 


33 


0.545 


0.649 


63 


0.891 


1.963 




0.052 


0.052 


34 


0.559 


0.675 


64 


0.899 


2.050 




0.070 


0.070 


35 


0.574 


0.700 


65 


a9o6 


2.145 




ao67 


0.087 


36 


0.588 


0.727 


66 


0.914 


2.24/6 


6 


0.105 


0.105 


37 


0.602 


0.7S4 


67 


0.921 


2.356 


7 


0.122 


0.123 


38 


0.616 


0.781 


68 


0.927 


2475 


8 


0.139 


0.141 


39 


0.629 


0.810 


69 


0.934 


2.605 


9 


0.156 


0.158 


40 


0.643 


0.839 


70 


0.940 


2.747 


lo 


0.174 


0.176 


41 


0.656 


0.869 


71 


0.946 


2.904 


II 


0.191 


0.194 


42 


0.669 


0.900 


72 


0.951 


3^7« 


la 


0.208 


0.213 


43 


0.682 


0.933 


73 


0.956 


3.271 


13 


0.225 


0.231 


44 


0.695 


0.966 


74 


0.961 


3487 


H 


0.242 


0.249 


45 


0.707 


1.000 


75 


0.966 


3732 


15 


0.259 


0.268 


46 


0.719 


1.036 


76 


0.970 


4.01 1 


i6 


0.276 


0.287 


47 


0.731 


1.072 


77 


0.974 


4.331 


17 


0.292 


0.306 


48 


0.743 


I. Ill 


78 


0.978 


4.705 


i8 


0.309 


0.325 


49 


0.755 


1.150 


79 


0.982 


5-145 


19 


0.326 


0.344 


50 


0.766 
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Aberration chromatic, 338, 

Absolute Temperature Scale, 160. 

Acceleration, 76. 

Achromatic lens, 230. 

Adhesion, 32. 

Agonic line, 254. 

Ail' pump, compressing, 50. 

degree of exhaustion, 350. 

exhausting, 49. 
Air thermometer, 153. 
Alternator, 318, 326. 
Amalgamation, 251. 
Ammeter^ 272, 292. 
Ampere, 270. 
Amplitude, 117. 
Aneroid barometer, 43. 
Angle, critical, 215. 
Angle, of deviation, 211. 

of dispersion, 227. 

of incidence, 211, 195. 

of reflection, 195- 

of refraction, 211. 
Anode, 280. 

Anomalous expansion of water, 158. 
Aperture of mirror, 203. 
Apparent position, 184. 
Apparent size, 185. 
Archimedes' principle, 26. 
Arc lamp, 345. 
Area, 3. 
Arm, of a force, 62. 

of a siphon, 53. 
Armature, 320. 

winding of a drum, 364. 
Arrangement of cells, 283. 
Atmospheric pressure, 40. 
Automatic interrupter, 312. 



B 

Balance, 5, 66« 
Barometer, 42. 

Standard Fortin, 349. 
Beam of li^t, 184. 
Beats, 143. 
Body, I. 
Boiling, 170. 
Boyle's Law, 46, 48. 
Bridge, Wheatstone, 299. 
British thermal unit, 161. 
Brushes, 322. 
Bunsen photometer, 193. 



Calorie, 161. 
Calorimetry, 161. 
Candle power, 191. 
Capacity, 313. 
Capillarity, 33. 

illustrations of, 34. 
Cathode, 280. 
Cell, simple voltaic, 260. 

two fluid, 268. 
Center of gravity, 64> 65. 
Centigrade scale, 151. 
Centimeter, 2. 
Centrifugal tendency, 114. 
Centripetal force, 114. 
Change of state, 164. 
Characteristics of image, 200. 
Charles' Law, 161. 
Chemical equivalent, 281. 
Chords, musical, 135. 
Chromatic aberration, 228. 
Chromatic scale, 136* 
Circuit, bell, 336. 
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Circuit, divided, 303. 

electric, 264. 
• lamp, 344. 
Clocks, 117. 

Coefficient of friction, 107. 
Coherer, 341. 
Cohesion, 31. 
Color, 233. 
Color, of fundamental, 232. 

of opaque body, 239. 

of primary, 240. 

of transparent body, 240. 
Combination of colored light, 236. 
Commutator, 322. 
Comparison of virtual images, 210. 
Composition, of forces, 69. 

of white light, 238. 
Compound proportion, 9. 
Compressing air pump, 50. 
Compression in sound wave, 121. 
Concurrent forces, 67. 
Conditions, of no rotation, 59. 

of no translation, 58. 
Conduction, 154. 
Conductors, 255. 

Conjugate, focal relations, 203, 209, 
224. 

foci, 202. 
Construction of images, 205, 222. 
Convection, 155. 
Cooling by evaporation, 169. 
Cosine of angle, 352. 
Critical angle, 215. 
Crystallization, 167. 
Current, conduction of, 264. 

divided circuits, 303. 

electricity, 259. 

reverser, 295. 

strength, 270, 272, 308. 

strength of a battery, 286. 
Curvilinear motion, 114. 



Danieirs cell, 268. 
D'Arsonval galvanometer, 293. 



Decoherer, 341. 

Density, 5. 

Depolarization, 267. 

Derrick, 352. 

Dew point, 169. 

Diatonic scale, 135. 

Diffused light, 194. 

'Direct proportion, 7. 

Direction of induced £. M. F., 308. 

Dispersion, 227. 

Dynamo, 316. 

compound, 326. 

direct current, 323. 

series, 324. 

shunt, 325. 
Dyne, 84. 



Echo, 129. 
Efficiency, 99. 
Effort, 61. 

Electrical energy, 308. 
Electric, bell, 335. 

circuit, 264. 

field, 257. 

lamp, 343. 

motor, 330. 

potential, 257. 

telegraph, 337. 

telephone, 339. 

units, 268. 
Electrolysis, 278-281. 
Electrolyte, 257, 265. 
Electrolytic effect, 259. 
Electromotive force, 264, 268. 

of battery, 284, 

of dynamo, 3x7. 
Electroscope, 256. 
Electrostatic series, 256. 
Energy, i, 92. 

conservation of, 93. 

kinetic, 94. 

potential, 93. 

units of, 93. 
English system, 2. 
Equilibrant, 58. 
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Equilibrium, general conditions of, 

56- 

kinds of, 65. 

of any number of forces, 354. 

of forces, 58, 61, 62. 

simplest case of, 57. 
Equivalents of units, 2, 3, 4. 
Erg, 90. 
Ether, 182. 

waves, 183. 
Evaporation, 167. 
Expansion, 156. 

coefficient of cubical, 359. 

coefficient of linear, 157. 



Fahrenheit scale, 151. 

Falling bodies, 79. 

Field magnet, 322. 

First law of motion, 82. 

Flotation, 27. 

Fluid, 16. 

Fod of concave mirrors, 205. 

Focus, 198. 

Foot, 2. 

Foot-pound, 91. 

Foot-poundal, 84. 

Force, 17. 

Force pump, 52. 

Fraunhofer lines, 231. 

Free surface of liquid, 26. 

Freezing mixture, 166. 

Frequency, 125, 132. 

Friction, 107. 

Fundamental, color sensations, 234. 

quantities and units, i. 
Fusion, 164. 



Galvanometer, 290, 293. 

Gas engine, 177. 

Gas pressure, cause of, 39. 

due to gravity, 39. 

due to molecular motion, 45. 



Gearing for speed, no. 

Gram, 3. 

Graph, 11, 13, 41. 

Graphical representation of a force, 56. 

of proportions, 10. 
Gravitation, 13. 

law of, 13. 
Gravity pressure of a liquid, 21. 



Harmonics, 138. 
Heat, defined, 148. 

of fusion, 165. 

of vaporization, 172. 

sources of, 153. 

transmission, 154. 
Heating effect of electric current, 276. 
Heating of houses, 155. 
Hertz waves, 339. 
Horse-power, 95^ 
Humidity, 170. 
Hydraulic press, 21. 



Illuminated body, 184. 
Image, 198. 

in concave mirror, 206. 

in convex mirror, 209. 

in plane mirror, 200. 

real, by a lens, 223. 

virtual, by a lens, 223. 
Images of mirrors and lenses com- 
pared, 224. 
Incandescent lamp, 343. 
Incidence, angle of, 89. 
Incident light, 194. 
Inclined plane, 106. 
Indicator diagram, 177. 
Induced E. M. F., 307. 
Induction coil, 311. 
Inertia, 82. 
Intensity, of light, 191. 

of illumination, 190. 
Interference of sound, 139. 
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Internal resistance of a battery, 285. 
Interval, mi^cal, 133. 
Inverse proportion, 8. 
Ionization, 280, a8i. 
Ions, 265, 280. 



Joint variation, 9. 
Joule,. 91. 

K 
Key, 337. 

Kinematics, 17, 75. 
Kinetic energy, 94. 
Elinetics, 17, 82. 
Kinetic theory of matter, 15, 45. 



Lamp, arc, 345. 

incandescent, 343. 
Law, of exchange of heat, 162. 

of gravitation, 13. 

of inclined plane, 105. 

of iilverse squares, 131, 191. 

of lever, 61. 

of machines, general, 109. 

of pulley, 102. 

of reflection, 90, 196. 

Pascal's, 20. 

Snell's, 215. 
Laws, of motion, 82, 83, 88. 

of pendulum, 117. 

of resistance of wires, 298. 

of strings, 142. 

of vibrating air colxmins, 141. 
Length, units of, 2. 
Lenses, 220, 361-363. 
Lever, 61, 100. 
Lift pump, 51. 
Light, defined, 182. 

waves, 183. 
Lines of magnetic force, 248. 
Liquid, gravity pressure of, 21. 

pressure, 19-25. 
Local action, 262. 



Loss of weight, 27. 
Loudness, 130. 
Luminous body, 184. 

M 

Machines^ 99. 
Magnet, 244. 
Magnetic, declination, 253. 

diagram of a dynamo, 333* 

eflFect of current, 276. 

field, 249. 

inclination, 253. 

Unes, 249. 

permeability, 252. 

substances, 244. 
Magnetizing methods, 246. 
Magnets, classified, 244. 

properties of, 245. 
Magnitude of a quantity, 56. 
Manometer, 48, 49. 
Mass, 3, 82, 94. 

Material medium for sound, 120. 
Matter, i. 
Matter, kinetic theory of, 15. 

states of, 15. 
Maximum density of water, 158. 
Measurement, i. 
Mechanical, advantage, 99. 

couple, 57. 

drag on conductors, 310. 

efficiency, 99. 

energy, 308. 

equivalent of heat, 173. 
Mechanics, 17. 
Method of mixtures, 162. 
Metric system of units, z. 
Micron, 183. 
Mirror, concave, 201. 

convex, 208. 

convex, relation between fod, 

357- 
plane, 195. 
Molecular forces, 31. 
Moment of a force, 59. 
Momentum, 83. 
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Motion, 75. 

uniform, 76. 

uniformly accelerated, 76. 
Motor, 330. 

N 

Negative, electricity, 256^ 

moment, 59. 

pole, 245. 
Neutral equilibrium, 66. 
Noise, 130. 
Non-conductors, 255. 



Octave, 134. 
Ohm, 270. 
Ohm*s Law, 272. 
Opaque body, 188. 
Open pipe, 141. 
Optical ceilter, 221. 



Parallax, 186. 

Parallelogram of forces, 67. 
Pascal's Law, 20. 
Pencil of light, 184. 
Penduliun, ii6. 
Penumbra, 189. 
Photometry, 191. 
Physics defined, i. 
Pigments superposed, 240. 
Pin-hole camera, 187. 
Pipes, closed, i4i. 

open, 141. 
Pitch, of a screw, 108. 

of a tone, 130. 
Plane mirror, 195. 
Polarization, 266. 
Positive moment, 59. 
Potential, difference, 258, 268. 

energy, 93. 
Pound, 3. 
Power, 95. 



Power, electric, 26ft. 

horse, 95. 

units of, 95. 
Pressure, 17. 

of air, 42. 

of gas, 48. 

of liquid, 19-25. 
Primary colors, 242, 
Principal focus, 303^ 22a. 
Prism, effect on light wave^ 9x8. 
Proportion, 7. 
Pulley, 102. 

differential, 358. 
Pumps, 49-52. 



Quality of tone, 130, 138. 
Quantities, kinds of, 6. 



Radiant energy, i8a. 

Radiation, 156. 

Rainbow, 226. 

Range of hearing, 133. 

Rarefaction in sound wave^ 123. 

Rate of motion, 75. 

Ratio, 6. 

Ray, 184. 

Receiver, 337. 

Reflection, 194. 

after impact, 89. 

by curved mirrors, 201. 
Refraction, 211. 

index of, 213. 
Regelation, 165. 
Relation between mass, volume, and 

density, 10. 
Relative, density, 28. 

humidity, 170. 
Relay, 336. 

Residual magnetism, 3^9. 
Resistance, 61. 

electrical, 268. 

of a cell, 296. 



372 



INDEX 



Resistance, of parallel conductors, 302 

of wires, 298. 
Resolution of a force, 69. 
Resonance, 139. 
Resultant, 58, 69. 
Rheostat, 295. 
Right-hand rule, 277, 308. 
Ring armature, 320. 
Rotary, effect of a force, 59. 

motion, 56. 
Rotor, 328. 
Rumford photometer, 192. 



Scale, absolute temperature, 160. 

chromatic, 136. 

diatonic, 135. 

musical, 135. 
Screw, 107. 

Second law of motion, 83. 
Second, the, 3. 
Self-induction, 3x4. 
Semitone, 135. 
Sensitiveness of balance, 66. 
Shadows, 187. 
Sight line, 188. 
Simple Voltaic cell, 260. 
Sine of angle, 351. 
Siphon, 53. 
Siren, 133. 
Solution, 166. 
Sound, 118. 
Sounder, 337. 
Sounding body, 119. 

action of, 119. 
Soundwaves, 118, 123. 

formation of, 121. 
Specific, gravity, 28. 

heat, 162. 
Spectroscof)e, 230. 
Spectrum, 227. 
Speed of a motor, 332. 
Stability, 91. 
Stable equilibrium, 66. 
States of matter, 15. 



Static electricity, 255. 
Statics, 17. 

Static transformer, 315. 
Stator, 328. 
Steam engine, 174. 
Storage cell, 282. 
Substance, a, i. 
Surface tension, 32. 



Tangent galvanometer, 290. 
Telegraph, 337. 
Telephone, 339. 
Temperature, 148. 

coefficient for sound, 128. 

scales, 152. 
Tempered scales, 137. 
Tenacity, 32. 
Tension, 17. 

Terrestrial magnetism, 250. 
Theory, of color vision, 234. 

of magnetism, 247. 
Thermometer, 150. 
Third law of motion, 88. 
Three-finger rule, 309. 
Timbre, 130, 138. 
Time, measurement of, 5. 
Tone, 129. 

Torricellian vacuum, 43. 
Total reflection, 216. 
Translatory motion, 56. 
Translucent body, 188. 
Transmission of fluid pressure, 19. 
Transmitter, 339. 
Transparent body, 188. 
Trichromatic theory^ 234. 

U 

Umbra, 188. 

Uniform motion, 76. 

Uniformly accelerated motion, 76. 

Units, of .acceleration, 76. 

electrical, 268. 

of area, 3. 

of energy, 93. 
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Units, of heat, i6i. 

of length, 2. 

of mass, 3. 

of power, 95. 

of system, 2, 

of time, 3. 

of velocity, 76. 

of volume, 4. 

of weight, 14. 

of work, 90. 
Unstable equilibrium, 66. 



Valve defined, 49. 
Vaporization, 167. 
Variation, 6. 

of atmospheric pressure, 40. 

of weight, 14. 
Velocity, 75. 

average, 77. 

of light, 189. 

of sound, 125, 127. 

units of, 76. 
Vernier, 350. 
Vibrating, air columns, 151. 

strings, 142. 
Visual angle, 185. 
Volatile liquid, 169. 



Volt, 268. 

Voltmeter, 268, 293. 
Volume, 4. 

W 

Water, density of, 158, 
expansion of, 159. 

Watt, 95, 271. 

Wave front, 184. 

Wave length, 125, 184. 

Wedge, 109. 

Weight, 14. 

of a body, 63. 

Wheatslone bridge, 299. 

Wheel and axle, loi. 

Whole tones, 136. 

Wireless telegraphy, 341. 

Work, 90, 

units of, 90. 



Young's theory of color vision^ 234. 



Zero, absolute, 160. 
Centigrade, 151. 
Fahrenheit, 151. 
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To this there are added chapters upon advanced topics adrqwtfB in tcopc and 
difficidty to meet the maximum requirement in elementary algebra. 
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The fint hattof this book is identical with the correspondBng pages of the Aca- 
demic Algebra. The latter half treats more advanced topics. 
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History of Englidi Literatore. $iJto. 

Meiklejohn's Bnglish Qrsmmu, Contains Parts I and II of Meiklejotm's The English 
Language, with exercises. 80 cents. 

0' Conor's Rhetoric and Oratory. A manual of precepts and priadples, with raasterxnecM 
for analysis and study. $1.12. 

Pearson '« The Principles of Con^potition. Begins wifh Oie oompoaidon as a whofe. 
Paragraphs, sentences and words are treated later, and in tins order. 50 cents. 

Smitft's The Writing of the Short Story. An analytical study. 25 cents. 

Strang's Bxercises in Bni^Ush. Examples in Syntax, Acddence, and Style, for criticism 
and correction. New edition, revised and enlarged. 45 cents. 

Whitcomh's The Study of a ITorel. Analytic and synthetic work for caliche dasMt. 

William's Composition and Rhetoric. Concise, practical, and thorough, with little 
theory and much practice. 90 cents. 

Monofraphs on English. 

Bowen's Historical Study of the 0-vowd. Cloth. 109 pp li.aS 

Genung's Study of Rhetoric in the College Course. Paper. 33 pp- ... as 

Hempl's Chaucer's Pronunciation. Stiff Paper. 39 pp. -50 

Huffcut's English in the Preparatory School. Paper. 38 pp. .... .as 

Woodward's Study of English. Paper. 25 pp .25 

See also our list of books in Elementary English^ 
English Literature and English Classics. 

D.C. HEATH & CO., Publishers, Boston, NewYorlL,Chicago 
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